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Cancer therapy may still be considered as one of the most
challenging issues in pharmaceutical sciences. Various new
technologies and molecules have been developed to meet the
needs of this devastating disease, but there is a long way to
go. One of the most important challenges is finding a drug
molecule or drug delivery system which only influences the
cancer cells. This has not been achieved so far even though
a great deal of research has focused on this goal. Most of
the cytotoxic agents used for cancer treatment are toxic in
nature and not only have an effect on tumor cells, but also
normal cells are damaged when exposed with them. As a
result, patients may experience intensive side effects which
may lead to an early termination in chemotherapy due to
their severity.

Targeting the cancer cells specifically and selectively
seems to be the best solution for this obstacle. Targeting the
cancer cells occurs via two different strategies: passive target-
ing and active targeting. The conventional approach used for
cancer therapy may be considered a sort of passive targeting.
Cytotoxic agents used for cancer treatment select the cancer
cells due to their faster growth rate. Inevitably, normal fast
growing cells and normal fast dividing cells may damage
following conventional chemotherapy. In 1986, Matsumura
and Maeda brought up a new concept in passive targeting
called enhanced permeation and retention (EPR) effect
which was widely used in many researches as an approach
for targeting tumor cells. In this strategy, the drug delivery
system benefits from defective vasculature, fenestrations, and
poor lymphatic drainage in tumor tissues. Utilizing molec-
ular targeting moieties is another strategy which is widely

used in new researches for targeting tumor cells actively and
diminishing chemotherapy side effects.

This special issue will primarily address new approaches
for passive and active targeted cancer therapy with a focus
on nanoparticle formulations specially those ones that
specifically and selectively target tumors.

There is a peper which describes using a natural protein,
atelocollagen for oligonucleotide delivery, and evaluating
its biological function. The researchers found that when
oligonucleotides were used concomitantly with atelocolla-
gen, paracellular flux was enhanced, but when each of these
two constituents of the formulation was used separately,
no effect was observed. Another paper reviews poly(lactic-
co-glycolic acid)- (PLGA-) based nanoparticles especially
echogenic ones to enhance gene delivery. Ultrasound may be
used to enhance localized gene delivery in tumors. On the
other hand, nanoparticles themselves may utilize targeting
mechanisms to enhance the targeting potential of the current
system. Another paper describes microemulsions in the form
of nanocarriers for passive tumor targeting. In this study,
an experimental design layout was used to optimize the
excipients selection for microemulsion nanocarriers. These
nanocarriers possess the ability of solubilizing hydrophobic
drugs and physical stability alongside with their capability
of passive targeting. In another paper human serum albu-
min was used as a naturally occurring protein to create
nanoparticles for enhanced drug delivery in breast cancer.
Albumin-based nanoparticles were further cationized by
polyethylenimine. It was shown that delivery efficacy was
improved by passive EPR strategy.
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One of the papers also reviews carbon nanotubes for
cancer therapy and designing drug delivery systems. Carbon
nanotubes present a great canvas for surface engineering
and creating novel targeted nanoparticles. Another paper
presents glucan particles which actively target cancer cells.
Glucan particles which benefit from β-glucan derived from
the cell wall of Saccharomyces cerevisiae provide receptor-
mediated uptake by phagocytic macrophage cells who
express β-glucan receptors. Different types of nanoparticles
were incorporated or surface bounded to these glucan par-
ticles to deliver doxorubicin to macrophages. Macrophages
further migrate into solid tumors carrying the cytotoxic
agent to the target tissues like a Trojan horse, while they are
resistant to the effects of doxorubicin due to their nondivid-
ing differentiated nature.

Another paper reviews noble metal nanoparticles with a
wide variety of biomedical applications which are used for
both therapeutic and diagnostic purposes. They also present
facile surface chemistry and the possibility of functionalizing
on their surfaces.

Finally, in one of the papers, a lipoplatin formulation
consisting of liposomal encapsulated cisplatin is reviewed.
The purpose of this formulation is to become a substitute for
the original cisplatin and has gained positive results in clin-
ical trials. Lipoplatin gives 200-fold higher concentrations
in tumor tissues in comparison with cisplatin once more
because of the compromised endothelium of tumor tissues.

To sum up, this special issue tries to provide the readers
some insight about the targeted nanoparticles which are
designed for cancer therapy both for small molecular drugs
and gene delivery systems.

Rassoul Dinarvand
Paulo Cesar de Morais

Antony D’Emanuele
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Atelocollagen is a major animal protein that is used as a highly biocompatible biomaterial. To date, atelocollagen has been used
as an effective drug delivery technology to sustain the release of antitumor proteins and to enhance the antitumor activity of
oligonucleotides in in vivo models. However, the biological effects of this technology are not fully understood. In the present
study, we investigated the effects of atelocollagen on endothelial paracellular barrier function. An atelocollagen formulation
containing oligonucleotides specifically increased the permeability of two types of endothelial cells, and the change was dependent
on the molecular size, structure of the oligonucleotides used and the concentrations of the oligonucleotide and atelocollagen in
the formulation. An immunohistochemical examination revealed that the formulation had effects on the cellular skeleton and
intercellular structure although it did not affect the expression of adherens junction or tight junction proteins. These changes were
induced through p38 MAP kinase signaling. It is important to elucidate the biological functions of atelocollagen in order to be
able to exploit its drug delivery properties.

1. Introduction

Collagen is a major connective tissue protein that plays an
important role in the extracellular matrix in animals. As
such, collagen possesses good biocompatibility with animal
body tissues [1]. Atelocollagen is a type of soluble colla-
gen produced from tropocollagen, the collagen molecule
that makes up collagen fibrils, via the elimination of the
telopeptide moieties, which are considered to account for
most of collagen’s antigenicity [1, 2]. Thus, atelocollagen is
considered to have little immunogenicity, which makes it a
safe biomaterial [1]. In fact, it is widely used for implantable
medical and plastic surgical products [1].

Atelocollagen is also used as a drug delivery carrier.
For example, a minipellet atelocollagen formulation has been
demonstrated to sustain the release and maintain stable
blood concentrations of protein drugs for more than 1

week [2]. Many kinds of protein drugs such as interferon-
α [3], interleukin-2 [4], nerve growth factor [5], and
bone morphogenetic protein [6], and so forth, have been
administered using this drug delivery system, and interferon-
α and interleukin-2 showed strong antitumor activities in
animal models when administered in this manner [3, 4]. In
the past decade, as well as being used as a solid substrate,
dissolved atelocollagen has been used as a drug delivery
vehicle for nucleic acid-based medicines for gene conver-
sion [7], inflammatory disease [8, 9], and tumor therapy.
Atelocollagen can be used to deliver most kinds of nucleic
acid-based medicines including plasmid DNA [10], antisense
oligodeoxynucleotides (ODN) [11–13], short interference
RNA (siRNA) [14–20], and micro RNA (miRNA) [21–23]. It
is also capable of delivering oligonucleotides to subcutaneous
xenografts and metastatic tumors after its local and/or
systemic administration.
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Many studies, including some involving in vivo tumor
models, have evidenced the contribution of atelocollagen to
the enhancement of drugs’ antitumor activities, and some of
them described the mechanisms. For example, nucleic acids
delivered by atelocollagen are protected against degradation
by host nucleases [8, 14, 24], and it has also been shown to
improve the delivery efficiency of oligonucleotides to tumors
[15, 16]. However, the biological functions of atelocollagen
and the mechanism by which it enhances delivery efficiency
are still not fully understood. It is essential to reveal the
biological characteristics of atelocollagen in order to be able
to fully exploit its drug delivery potential. While we were
studying the basic properties of atelocollagen, we discovered
another of its functions: it increases endothelial permeability.
Here, we describe the results of a study of the effects of
atelocollagen on intercellular sealing function. We mea-
sured transendothelial electrical residence (TER) in order
to estimate intercellular barrier function and performed
an immunohistochemical examination to see whether any
cellular morphological changes were induced.

2. Materials and Methods

2.1. Atelocollagen, Oligonucleotides, and Formulations. Ate-
locollagen was supplied in aqueous form by Koken (Tokyo,
Japan). Rhodamine red-conjugated atelocollagen was pre-
pared in accordance with the manufacturer’s instructions
(FluoReporter Rhodamine Red-X Protein Labeling Kit; Life
technologies Japan, Tokyo, Japan).

The oligodeoxynucleotides (ODN) and double stranded
RNA (dsRNA) were synthesized by Eurogentec (Seraing,
Belgium). The sequences of the oligonucleotides are listed in
Table 1 [20, 25, 26].

Each atelocollagen-oligonucleotide formulation (AC for-
mulation) was prepared by gently mixing aqueous atelocol-
lagen with a solution containing a defined concentration
of oligonucleotides. The final oligonucleotide concentration
was usually 5 μM and that of atelocollagen was 0.1% w/v
unless otherwise stated in the text, tables, and/or figures.

2.2. Transendothelial Electrical Resistance (TER) Measure-
ment. Normal human dermal microvascular endothelial
cells (HMVEC) were purchased from EIDIA (Tokyo, Japan).
These cells were cultured in EGM (Endothelial Growth
Media; EIDIA, Tokyo, Japan) until they reached confluence
on 12 mm transwell filters with a 0.4 μm pore size (Corning
Glass Works; Corning Japan, Tokyo, Japan) coated with rat
tail collagen. Porcine brain microvascular endothelial cells
(BMVEC) were purified and maintained according to the
method described in a previous study [27].

TER was determined using an EVOM voltohmmeter and
an ENDOHM-12 chamber (World Precision Instruments,
Sarasota, FL) at 37◦C [28]. Cell growth was monitored by
measuring TER. Once stable intercellular seals had formed;
that is, at confluence, the medium in the inner chamber was
exchanged for 400 microliters of culture medium containing
30% v/v of AC formulation. TER was subsequently measured
in duplicate every 30 min.

2.3. Measurement of Paracellular Flux. HMVEC cells were
also used for the determination of paracellular flux. One
hour after treatment with the AC formulation, which was
performed as described in Section 2.2, 100 μL of 0.36% w/v
Texas red-conjugated dextran (MW: 40 kDa; Life Tech-
nologies Japan, Tokyo, Japan) were added to the inner
chamber. One hour later, the dextran concentration of the
medium in the outer chamber was analyzed by measuring its
fluorescence.

To investigate the enhancement of paracellular transport
by atelocollagen, solute transportation was compared among
the AC formulation, bovine serum albumin, and dextran.
Once stable intercellular seals had formed, the medium in
the inner chamber was exchanged for 400 microliters of
culture medium containing 30% v/v of the AC formulation,
which had been produced using 0.1 or 0.3% w/v rhodamine
red-conjugated atelocollagen (i.e., approximately 0.03 or
0.1% w/v atelocollagen was added; molecular weight (MW):
300 kDa); 0.1% w/v of fluorescein conjugated dextran (MW:
70 kDa; Life Technologies Japan, Tokyo, Japan); 0.1% w/v of
Alexa Fluor 594 conjugated bovine serum albumin (BSA;
MW: 66 kDa; Life Technologies Japan, Tokyo, Japan). The
solute concentrations of the outer chambers were analyzed
by measuring their fluorescence at 1 and 2 hours after the
medium exchange.

2.4. Immunohistochemistry. After treatment for 1 hr with the
AC formulation, oligonucleotide alone, atelocollagen alone,
or phosphate-buffered saline (PBS) as a control, HMVEC
cells were fixed with 1% paraformaldehyde for 10 min and
then treated with 0.2% Triton X-100 for 10 min. After
preincubation with 5% skimmed milk, they were incubated
for 1 hr at room temperature with rabbit or mouse antibodies
against vascular endothelial (VE)-cadherin (BD Biosciences,
San Diego, CA), zonula occludens-1 (ZO-1) (Zymed Labora-
tories, San Francisco, CA), claudin-5 (Zymed Laboratories,
San Francisco, CA), and α-tubulin (Amersham, Poole, UK).
Then, the samples were incubated for 1 hr with appropriate
secondary antibodies labeled with Alexa Fluor-488 or Alexa
Fluor-596 (Life Technologies Japan, Tokyo, Japan). Actin
filaments were labeled with Alexa Fluor-546 phalloidin (Life
Technologies Japan, Tokyo, Japan). The cells were thoroughly
rinsed with PBS between each procedure. The expression of
each protein was examined using a laser scanning confocal
microscope (MRC 1024; Bio-Rad, Hercules, CA).

2.5. Western Immunoblotting. Western blotting was per-
formed according to the method described in a previous
report [29]. For Western blotting of the total cell lysates, the
dishes were washed with PBS, and then 300 μL of sample
buffer (1 mM NaHCO3 and 2 mM phenylmethylsulfonyl
fluoride) was added to 60 mm culture dishes. The cells
were scraped and collected in microcentrifuge tubes and
then sonicated for 10 sec. The protein concentrations of
the samples were determined using a BCA (bicinchoninic
acid) protein assay reagent kit (Pierce Chemical, Rockford,
IL). For each sample, aliquots of protein (15 μg per lane)
were separated by electrophoresis in 4/20% sodium dodecyl
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Table 1: Effects of formulation composition on relative TER (%).

(a) Effects of oligonucleotide type.

Oligonucleotides Atelocollagen
concentration

TER (%)
Type, sequences Reference Concentration

Blank control 100.0
Phosphorothioate
Oligodeoxynucleotide

5′-TGCATCCCCCAGGCCACCAT-3′ 25 5 μM 92.7

Atelocollagen alone 0.1% 88.1
Phosphorothioate
Oligodeoxynucleotide

5′-TGCATCCCCCAGGCCACCAT-3′ 25 5 μM 0.1% 45.7

Phosphodiester
Oligodeoxynucleotide

5′-TGCATCCCCCAGGCCACCAT-3′ 5 μM 0.1% 81.4

Double stranded small RNA
5′-UGCAUCCCCCAGGCCACCAUdTdT-3′

and complemental sequence
20 5 μM 0.1% 57.9

(b) Effects of ODN sequence on TER (%).

Oligonucleotides Atelocollagen
Name Sequence Reference Concentration 0% 0.1%

TER (%)
Blank control 100 —
ODN-(1) 5′-TGCATCCCCCAGGCCACCAT-3′ 25 5 μM 100 58
ODN-(2) 5′-TCGCATCGACCCGCCCACTA-3′ 25 5 μM 100 54
ODN-(3) 5′-GCTGATTAGAGAGAGGTCCC-3′ 26 5 μM 100 50
ODN-(4) 5′-CCCTGGAGAGAGATTAGTCG-3′ 5 μM 96 65

(c) Effects of ODN length on TER (%).

Oligonucleotides Atelocollagen
Sequence Concentration 0% 0.1%

Examination (1) TER (%)
Blank control — 94.6 —
Atelocollagen alone — — 94.6
ODN 10-mer (5′-TGCATCCCCC-3′) 5 μM 106.3 102.8
ODN 15-mer (5′-TGCATCCCCCAGGCC-3′) 5 μM 94.1 47.1
ODN 20-mer (5′-TGCATCCCCCAGGCCACCAT-3′; Ref. [25]) 5 μM 107.1 50.0
ODN 30-mer (20-mer ODN + 10-mer ODN) 5 μM 102.9 43.8

Examination (2) TER (%)
Blank control — 87.4 —
Atelocollagen alone — — 83.3
ODN 20-mer (5′-TGCATCCCCCAGGCCACCAT-3′; Ref. [25]) 5 μM 91.7 51.4
ODN 30-mer (20-mer ODN + 10-mer ODN) 5 μM 83.3 26.5
ODN 50-mer (20-mer ODN × 2 + 10-mer ODN) 5 μM 85.7 35.3
ODN 100-mer (20-mer ODN × 5) 5 μM 82.4 50.0

(d) Effects of the concentrations of ODN and atelocollagen on TER (%).

ODN concentration
Atelocollagen

0% 0.003% 0.03% 0.1%

TER (%)

Blank control 94.6

0.5 μM 100.0 77.8

5 μM 102.8 43.7

50 μM 102.9 50.8

500 μM 91.7 28.5

TER (%)

Atelocollagen alone 100.0

5 μM 94.9 98.1 54.9 52.0

ODN sequence: 5′-TGCATCCCCCAGGCCACCAT-3′.
TER(%): relative value at 1.5 hrs compared to the value observed at the start of the experiment.
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sulfate polyacrylamide gels (Cosmo Bio, Tokyo, Japan)
(SDS PAGE). After being electrophoretically transferred to
nitrocellulose membranes (Immobilon; Millipore, Billerica,
MA), the membranes were saturated with blocking buffer
(trisbuffered saline [TBS] supplemented with 0.1% tween
20 and 4% skimmed milk) for 30 min at room temper-
ature and incubated with antiactin, anti-ZO-1, anti-VE-
cadherin (BD Biosciences, San Diego, CA), anticlaudin-5
(Zymed Laboratories, San Francisco, CA), anti-p38 mitogen-
activated protein kinase (MAP Kinase or MAPK) (Santa
Cruz Biotechnology, Santa Cruz, CA), antiphospho-p38
MAPK (Cell Signaling, Beverly, MA), anti-p42/44 MAPK
(Promega, Madison, WI), antiphospho-p42/44 MAPK (Cell
Signaling, Beverly, MA), anti-Rho-A, and anti-cdc42 (Santa
Cruz Biotechnology, Santa Cruz, CA) antibodies (1:1000)
for 1 h at room temperature. The membranes were then
incubated with horseradish peroxidase-conjugated anti-
rabbit or mouse IgG (Dako A/S, Copenhagen, Denmark) at
room temperature for 1 h. The immunoreactive bands were
detected using an ECL Western blotting analysis system (GE
Healthcare, Little Chalfont, UK).

3. Results

3.1. Modification of Endothelial Sealing Function. Paracellular
flux is dependent on the function of tight junctions [30, 31].
We assessed the effects of an AC formulation on the TER
of HMVEC to evaluate their tight junction function. As
shown in Figure 1 and Table 1(a), the ODN containing AC
formulation caused a time-dependent reduction in TER,
while TER was hardly affected by treatment with ODN or
atelocollagen alone. As for the type of oligonucleotide in
the formulation, phosphorothioate ODN produced a more
significant reduction in TER than phosphodiester ODN,
which only produced slight alterations. A change in the TER
value was also induced by treatment with small dsRNA.

Various formulations containing different ratios of ODN
and atelocollagen were examined in order to understand
which parameters have the greatest effect on the change
in TER. As a result, we found that the TER change was
dependent on the size of the ODN and the composition of
the formulation, but not the ODN sequence, as shown in
Tables 1(b), 1(c), and 1(d). Specifically, ODN composed of
15 or more bases were effective and those containing around
30 bases were the most effective, but 10-base-long ODN were
not effective. The change in tight junction function was also
dependent on the concentrations of ODN and atelocollagen
in the formulation.

To verify that the AC formulation increased paracellular
flux, the amount of Texas red-labeled dextran (molecular
weight: 40 kD) transported across an endothelial cell layer
was examined. As shown in Figure 2(a), dextran transport
was increased approximately twofold in the cell cultures
incubated with the AC formulation.

Next, the paracellular transport of atelocollagen was
analyzed and compared with those of BSA and dextran.
Neither BSA nor dextran affected the TER value of the cells.
Only very small amounts of BSA and dextran penetrated the
cell sheet during the 2-hour study period; on the other hand,
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Figure 1: Time-dependent reduction of TER after treatment with
different types of oligonucleic acids in combination with atelo-
collagen. HMVEC cells were treated with 5 μM of oligonucleic
acids with or without 0.1% atelocollagen. sODN: phosphoroth-
ioate oligodeoxynucleotide, oODN: phosphodiester oligodeoxynu-
cleotide, dsRNA: small double stranded RNA. The sequences of the
ODN are described in Table 1(a).

much more atelocollagen passed through, even though the
molecular weight of atelocollagen is 4-5 times higher than
those of BSA and dextran (Figure 2(b)).

An examination using BMVEC [27] was performed to
determine whether the effect of the AC formulation was
specific to HMVEC. As a result, we found that the TER value
of the BMVEC was also reduced by the AC formulation (and
only the AC formulation), as shown in Figure 3. BMVEC
forms the blood-brain barrier (BBB), where intercellular
sealing function is strictly maintained. These results showed
that the AC formulation is able to affect the paracellular flux
of endothelial barriers.

3.2. Effects on Cell Morphology. It is well known that in-
creased endothelial permeability is associated with impaired
intercellular contact [32–35]. We carried out an immuno-
histochemical analysis of the cells treated with the AC
formulation to clarify how their intercellular sealing was
affected. As shown in Figure 4(a), treatment with the AC
formulation markedly reduced the degree of intercellular
contact, as shown by intercellular gap formation, actin
stress fiber formation, cellular contraction, and a lack of
VE-cadherin. Adequate expression of claudin-5, one of the
key components of the endothelial barrier, was noted at
the cell periphery. However, ZO-1 protein expression was
absent from the intercellular gaps. On the contrary, Western
blotting revealed that treatment with the AC formulation
did not affect the expression of these proteins (Figure 4(b)).
Although the TER value remained low as long as the AC
formulation was present in the culture medium, the treat-
ment did not cause toxicity. The cells survived well for at least
24 hrs, and both the TER and morphology of the cells could
be recovered by removing the formulation (data not shown).
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Figure 2: Effects of the AC formulation on endothelial paracellular flux. (a) Increase in dextran permeation induced by the AC formulation.
One hour after the addition of oligodeoxynucleotides (ODN), atelocollagen (AC), or the AC formulation (AC + ODN) to the inner chambers,
Texas red-conjugated dextran (MW: 40,000) was added to the inner chambers. One hour later, the dextran concentration of the medium in
the outer chambers was determined. (b) Enhanced paracellular transport of atelocollagen. 0.1% w/v of Alexa Fluor 594 conjugated bovine
serum albumin (BSA; MW: 66 kDa), 0.1% w/v of fluorescein conjugated dextran (dextran; MW: 70 kDa), or rhodamine red-conjugated
atelocollagen (0.03% w/v: atelocollagen (Low); 0.1 % w/v: atelocollagen (High); MW of atelocollagen: 300 kDa) with 5 μM of ODN was
added to the inner chambers. The solute concentrations of the outer chambers were analyzed by measuring their fluorescence at 1 and 2
hours after the start of the experiment. TER at 2 hours is represented as a percentage value compared to that observed at the start of the
experiment.
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Figure 3: Effects of the AC formulation on the TER of BMVEC. The
bar represents TER as a percentage compared to the value observed
at the start of the experiment. TER was determined at 1 and 2
hours after treatment with ODN alone (ODN), atelocollagen alone
(atelocollagen), the AC formulation (atelocollagen + ODN).

No such morphological changes were induced by treatment
with ODN or atelocollagen alone (Figure 4(a)).

Microtubules play an important role in regulating actin
formation and hence, endothelial barrier function [36, 37].
We also histopathologically examined the shape of the
microtubules. As shown in Figure 5, α-tubulin formed a fine
network in the blank control. However, treatment with the
AC formulation caused the peripheral fine structure of the
α-tubulin network to be lost.

3.3. Activation of Signal Transduction-Related Molecules.
Many studies have shown that increased endothelial perme-
ability and impaired intercellular contact can be induced by
signal transduction, mainly that of Rho A [32, 38] and p38
MAP kinase [36, 39–42]. Thus, we investigated the effects
of the AC formulation on signal transduction. As a result,
no differences were found in the expression levels of Rho-
A, Cdc42, or P42/44 MAP kinases or their phosphorylated
forms. Regarding p38 MAP kinase, although no changes
were noted among the control, oligonucleotide alone, or
atelocollagen alone groups, the levels of phosphorylated p38
MAP kinase were markedly increased in the cells treated
with the AC formulation (Figure 6), which indicates that
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Figure 4: Effects of atelocollagen combined with ODN on intercellular formation. (a) Images of actin, VE-cadherin with actin, ZO-1, and
claudin-5 in the endothelial cells of the blank control (upper panels) and the cells treated with the AC formulation (lower panels). Treatment
with the AC formulation (AC + ODN) induced changes in cell morphology associated with stress fiber formation (arrowhead), intercellular
gap formation (G), and the loss of VE-cadherin and ZO-1. (b) Western blot analysis of actin, VE-cadherin, ZO-1, and claudin-5. The whole
cell extract obtained from the cells was separated by SDS-PAGE and immunoblotted with the corresponding antibodies. BC: blank control,
ODN: treated with ODN alone, AC: treated with atelocollagen alone, AC + ODN: treated with the AC formulation.

the impact of the AC formulation on tissue permeability is
associated with the activation of p38 MAP kinase.

4. Discussion

Collagen plays an important role in the extracellular matrix
by supporting cells so that they can form tissues and organs.
Atelocollagen is produced from type I collagen and is widely
used in its solid state as a biomaterial for medical and surgical
products because of its biocompatibility and workability [1].
However, the kinetics, dynamics, and biological functions
of atelocollagen after its injection into the living body are
still poorly understood, and it is essential to elucidate the
characteristics of atelocollagen in order to fully exploit its
potential.

Here, we demonstrated a novel biological function of
atelocollagen. When endothelial cell sheets were treated with
atelocollagen or oligonucleotides alone, the intercellular
structure of the sheet was not changed. However, when
the atelocollagen and oligonucleotides were administered
together, intercellular gaps formed and consequently the
paracellular flux of the sheet was elevated. The AC formula-
tion itself was also able to penetrate the sheet. This function
might explain the ability of atelocollagen to effectively deliver

oligonucleotides. The abovementioned changes were elicited
via the activation of p38 MAP kinase, a signal-transduction-
related molecule. In addition, the changes observed in
this study are similar to those triggered by thrombin
[32], histamine [33], TNF-α [34, 36], and VEGF (vascular
endothelial growth factor) [43], and so forth. As shown in
Section 3.1, the degree to which endothelial function was
affected was dependent on the molecular structure of the
oligonucleotides including their size and chemical modifica-
tions, suggesting that the three-dimensional structure of the
oligonucleotide and atelocollagen complex stimulates a sig-
nal transduction pathway that acts as a permeability modu-
lator, although the specific pathway that it stimulates remains
unknown.

To date, no severe systemic edema or side effects of the
AC formulation have been noted, even after the intravenous
administration of atelocollagen as an oligonucleotide drug
carrier. These findings indicate that atelocollagen could be
used as a permeability enhancer at local treatment sites
without the adverse systemic effects that cytokines and
chemokines sometimes provoke. Since tight junction mod-
ulators are regarded as practical drug delivery enhancer can-
didates [44–46], the function of atelocollagen demonstrated
in the present study should be thoroughly investigated.
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Figure 5: Effects of the AC formulation on the microtubule networks in the endothelial cells. Images of α-tubulin (left panels) and α-tubulin
(green) with actin (red) (right panels). In the blank control (upper), the microtubule network was composed of extended fine microtubule
structures. After treatment with the AC formulation (AC + ODN), the fine microtubules had been disassembled, and the network had
disintegrated (lower).

BC ODN AC
AC +

ODN

Phospho-p38 MAPK

p38 MAPK

Phospho-p42/44 MAPK

p42/44 MAPK

Rho-A

Cdc42

Figure 6: Effects of the AC formulation on the expression of
signal transduction-related molecules. Western blot analysis of the
expression levels of p38 MAP-kinase, the p42/44 MAP-kinases, and
their phosphorylated forms, RhoA and Cdc42 was performed after
each treatment. BC: blank control, ODN: treated with ODN alone,
AC: treated with atelocollagen alone, AC + ODN: treated with AC
formulation. p38 MAP-kinase activation was only enhanced by the
AC formulation.

The unique biological functions of atelocollagen have
led to the development of unique antitumor therapies
and products, such as surgical products; formulations that
sustain the release of antitumor proteins [2–4]; treatments
that enhance the antitumor activities of various molecules
including antisense ODN [11–13], siRNA [14–20, 24],
and miRNA [21–23]. Obtaining more information about
atelocollagen would allow us to develop the next generation
of atelocollagen-mediated drug delivery systems.
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This paper focuses on novel approaches in the field of nanotechnology-based carriers utilizing ultrasound stimuli as a means to
spatially target gene delivery in vivo, using nanoparticles made with either poly(lactic-co-glycolic acid) (PLGA) or other polymers.
We specifically discuss the potential for gene delivery by particles that are echogenic (amenable to destruction by ultrasound)
composed either of polymers (PLGA, polystyrene) or other contrast agent materials (Optison, SonoVue microbubbles). The use
of ultrasound is an efficient tool to further enhance gene delivery by PLGA or other echogenic particles in vivo. Echogenic PLGA
nanoparticles are an attractive strategy for ultrasound-mediated gene delivery since this polymer is currently approved by the US
Food and Drug Administration for drug delivery and diagnostics in cancer, cardiovascular disease, and also other applications such
as vaccines and tissue engineering. This paper will review recent successes and the potential of applying PLGA nanoparticles for
gene delivery, which include (a) echogenic PLGA used with ultrasound to enhance local gene delivery in tumors or muscle and (b)
PLGA nanoparticles currently under development, which could benefit in the future from ultrasound-enhanced tumor targeted
gene delivery.

1. Introduction

To achieve successful gene therapy in a clinical setting, it is
critical that gene delivery systems be safe and easy to apply
and provide therapeutic transgene expression. Over the past
decades, many studies using viral vectors have established
the gold standard for successful gene transfer and high-level
expression in target cells. However, the upcoming trend is
in the development of improved methods for nonviral gene
transfer, due to the considerable immunogenicity related
to the use of viruses. Nonviral vectors are particularly
suitable since they allow ease of large-scale production
and are relatively less immunogenic. Recently, several novel
nonviral vectors have been developed that approach viruses
with respect to transfection efficiency. A variety of nonviral
delivery systems that can be used in different clinical
settings are also available and one promising direction is
the development of biodegradable, echogenic nanoparticle

systems that can deliver DNA (or drugs) efficiently by the
use of ultrasound-mediated delivery. We will focus our
discussion on PLGA nanoparticles and their promise for
nucleic acid delivery in vivo using ultrasound-mediated gene
delivery methods.

2. Current Sonoporation Principles

A relatively novel strategy for gene and drug delivery
enhancement is application of echogenic nanoparticles made
of poly(d,l-lactic-co-glycolide) (PLGA) or derivatives in
combination with relatively low-intensity ultrasound (US).
This method (referred to as “sonoporation”) can induce
cavitation of or near cellular membranes to enhance delivery
of drugs and nucleic acids in vitro and in vivo. In general,
low-intensity US can induce beneficial and reversible cellular
effects, in contrast to high US intensities, which are more
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Figure 1: Sonoporation mechanisms for therapeutic delivery. (a) Sonoporation for drug delivery. Drugs can be delivered by sonoporation.
Microbubbles with drug attached to the surface or enclosed within the particle travel in capillaries. Upon US exposure MBs rupture, releasing
the drug contents. Drugs are absorbed by the target tissue. (b) Sonoporation for gene delivery. When plasmid-DNA-(pDNA-) containing
MBs are passed through blood vessels adjacent to tumor cells, US waves rupture MB and release pDNA. Released pDNA penetrates into cells
through their membranes by sonoporation. Reproduced with permission from [5].

likely to induce cellular death. Sonoporation is an emerging
and promising physical method for drug and gene delivery
enhancement in vitro and in vivo [1–4]. In fact, sonoporation
has several advantages over other nonphysical techniques
of nucleic acid (DNA, siRNA) delivery including the ability
to also deliver viruses and small molecules (reviewed in
[5]). Sonoporation, however, has some limitations including
penetration depth, some deep (internal) tumors may not
be easily accessible by US, and tissues such as bone might
interfere with the US penetration. Also, the influence of
air within the lung might also impair the ability of US
waves to penetrate and deliver genes in the lung. Typically,
sonoporation agents (also useful as US contrast agents) can
be composed of micro- or nanoparticles filled with either
air or gases, which give echogenic properties, surrounded by
a shell of lipids or polymeric formulations. Gas-filled lipid
particles are called microbubbles (MBs), while echogenic
polymeric particles can be defined as either nanoparticles
(NPs) or microparticles (MPs) depending on their size.
Different types of MB have been synthesized by combining
different shell compositions such as albumin, galactose,
lipids, or polymers, with different gaseous cores such as air,
or high-molecular-weight gases (perfluorocarbon, sulphur
hexafluoride, or nitrogen) and several types are available
commercially (reviewed in [5]). This paper will focus on
echogenic NP use in combination with US-mediated sono-
poration to induce gene delivery.

The mechanism of sonoporation involves the motion
of MB or NP and disruption induced by low-intensity US
sonication (Figure 1). US increases the permeability of cell
membranes and the endothelium, thus enhancing thera-
peutic uptake, and can locally increase drug/nucleic acid
transport. Formation of short-lived nanopores (∼100 nm)
in the plasma membrane lasts a few seconds and is
implicated as the dominant mechanism associated with

acoustic cavitation [6]. Sonoporation mediates delivery of
drugs and/or nucleic acids that have been incorporated into
or on the surface of nano/microparticles via covalent or
electrostatic interactions, which allow these complexes to
circulate in the blood and retain their cargo until activation
by US. US application results in localized and spatially con-
trolled particle disruption that enhances gene/drug delivery.
Sonoporation-mediated gene delivery has been applied to
date in heart, blood vessels, lung, kidney, muscle, brain,
and tumors with high efficiency [7]. However, in order to
provide high transfection efficiency, ultrasonic parameters
(such as acoustic pressure, pulse length, duty cycle, repetition
rate, and exposure duration) and nano- or microparticle
properties (such as size and echogenic characteristics of air-
or gas-filled preparations) should be optimized [7]. The
efficiency of drug/gene delivery typically correlates to the
cell location relative to the US (transducer and its proximity
to acoustically active nano- or microparticles). At ∼1 MHz
US, echogenic nano/microparticles or microbubbles oscillate
steadily. It has been shown that lipid-shelled MB can expand
from 2 μm to ∼20–55 μm [8]. When MBs expand and
collapse near a cell wall, a fluid jet/shock wave is formed
followed by an increase in vascular permeability [9]. In this
manner, drug or nucleic acid transport may occur by con-
vection through a membrane pore [8], and this US-induced
effect may represent the main mechanism for sonoporation-
mediated gene or drug delivery. This is supported by
correlation of the uptake of a dye with cellular deformation
and membrane changes as assessed by scanning electron
microscopy, membrane electrophysiology and atomic force
microscopy [10–12]. Following pore formation, nonspecific
uptake of extracellular molecules can occur, the membrane
is repaired, and molecules are, therefore, retained within
cells. Mammalian cells have been shown to repair pores of
up to ∼1000 μm2 within a short period [13], in a manner
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Figure 2: Various nanoparticles (not to scale) that may be used in ultrasound-enhanced drug and gene delivery. (a) Micelle (nonpolymeric)
composed of amphiphilic surfactants. (b) Polymeric micelle composed of amphiphilic block copolymers. (c) Nanoemulsion consisting of a
hydrophobic liquid core stabilized by surfactant. (d) Crystalline nanoparticles. (e) Amorphous polymeric nanoparticle. (f) Condensed ionic
oligomers, such as DNA condensed with PEI or cationic lipids. (g) Single-walled liposome consisting of an amphiphilic bilayer surrounding
an aqueous core. Reprinted with permission from [71].

resembling the kinetics of membrane repair after mechanical
wounding, and Ca2+ levels are thought to promote this re-
sponse [14, 15].

3. Echogenic Nanoparticles

In this paper, nanoparticles (NPs) are defined as molecules
ranging in size from 1 nm to 1 μm and that are able to
form a separate phase in aqueous suspension. Echogenic
NPs are defined as NPs containing either atmospheric air
or gas to form “nanobubbles” that can be used for drug
and gene delivery when US is applied. In most medical
applications, NPs typically are in suspension and can be
classified into micelles, nanoemulsions, and suspensions of
solid nanoparticles (Figure 2). Most of them have been tested
for US-mediated gene delivery.

3.1. Nanoparticles Used for Gene Delivery

3.1.1. Lipid-Based Nanoparticles. Complexing of cationic
lipids and DNA plasmids (lipofection) is efficient at trans-
fection of various cell lines and several lipid combinations
are available commercially. However, there has been little
combination of US with lipofection, possibly because early
studies using ultrasound and gas bubbles showed that the
addition of the contrast agents enhanced transfection of
naked DNA much more than traditional transfection by
lipofection, which is mediated through endocytosis and
pinocytosis mechanisms [16]. The incubation time of lipo-
fection from transfection to gene expression is also slower
compared to that with naked DNA and contrast agents
[17]. Of the few studies that combined US and lipofection,
one example highlights the challenges of this method. For
example, brain tumor cell transfection using 2 MHz pulsed

US for 1 min and Lipofectamine condensed with plasmids
coding for green fluorescent protein (GFP) produced no
change in transfection efficiency compared to conventional
lipofection alone [18]. Therefore, it appears that lipofection
is not enhanced by US unless gas bubbles are introduced in
the liposome or present as a separate agent. If gas bubbles are
present, the transfection by naked DNA + US then appears
to be effcient in vitro. However, there are several advantages
with respect to enhanced durability when plasmids are
complexed with cationic lipids.

3.1.2. Polymeric Nanoparticles. Polymers used for drug and
gene delivery typically include polystyrene (PS), poly(lactic
acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), and poly-
plexes of plasmids and cationic polymers. Application of US
to solid polymeric nanoparticles appears to be effective in
reducing cavitation threshold in water, even in the absence
of preformed gas bubbles [19]. For example, we have shown
that PS nanoparticles can reduce the threshold of US-
induced cavitation activity in pure water from about 7.3
bar to <5 bar, depending upon the size and concentration
used [1, 20]. We observed that the threshold decreased with
increasing particle concentration and particle sizes [1, 20].
Thus, even without the use of gas bubble contrast agents,
there was sufficient cavitational activity to produce signifi-
cant bioeffects. Although other investigators have used other
polymer and polyplex nanoparticles, they did not report
whether these particles lowered thresholds or enhanced US
activity. For potential translational applications, it would
be very beneficial to know whether other types of solid
nanoparticles can lower the cavitation threshold in blood or
in intracellular liquids.

One important reason for selecting NP over commercially
available MBs as sonoporation enhancers is the ability of NPs
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to extravasate in capillaries and beyond, whereas MBs cannot
due to their larger dimensions. In fact, this capability of NPs
enables their efficient delivery to tumor cells, where US can
then induce spatially confined cavitational activity (sono-
poration) to enhance gene delivery. For example, we have
shown that approach allowed for vasculature disruption only
in US-irradiated tumors of nude mice, while no disruption
was observed in nonirradiated controls [21]. In another
study, we investigated the influence of polystyrene nanopar-
ticles (100 and 280 nm in diameter and concentration up to
0.2% w/w) on cavitation threshold in water at the frequency
of 20 kHz. Then, we studied efficacy of cancer chemotherapy
with this technique in vivo. The experiments were performed
in athymic nude mice bearing human colon KM20 tumors,
which are highly resistant to chemotherapy. Ultrasound with
the frequency of 20 kHz in combination with i.v. injected
polystyrene nanoparticles was applied to enhance delivery
of chemotherapeutic agent 5-fluorouracil [1]. Our studies
demonstrated that US irradiation in combination with the
NP and drug injections significantly decreased tumor volume
and resulted in complete tumor regression at optimal irradia-
tion conditions, while the volume of control (nonirradiated)
tumors increased despite drug injections. These data suggest
that US-induced drug delivery may improve efficacy of
current cancer treatment regimens, suggesting PS + US do
not cause significant tumor cell toxicity and can be used
safely to deliver drugs or nucleic acids. For instance, when
PS + US were used to deliver 5-FU, the antitumor effect was
augmented dramatically for this drug, with a 60% growth
rate reduction and enhanced necrosis throughout the tumors
as observed by histology. Another in vivo study showed
that polystyrene nanoparticles decrease cavitation threshold
in water, and application of this drug delivery technique
substantially improved the efficacy of cancer therapy in nude
mice with colon tumors when US was used in combination
with polymer NP injections [20].

Gene Delivery by Polymeric PLGA Nanoparticles. Several
studies have shown efficient US-enhanced gene delivery
using polyplexes of DNA and cationic-derivatized natural
polymers, such as cationized dextran [22] and gelatin [23].
In these experiments, 3 MHz US (2 W/cm2, 10% duty cycle)
typically was applied for 1 to 2 minutes transdermally to
various tissues in vivo such as tumors or muscle. Insonation
always enhanced gene expression for a few days. The authors
speculated that cavitation-induced cell membrane damage
and permeation were responsible for the enhanced gene
expression.

Arguably, superior polymeric nanoparticle formulations
for gene delivery using US may be composed of PLGA, a
polymer approved by the FDA for its excellent profile of
biodegradability, drug biocompatibility, suitable biodegra-
dation kinetics, mechanical properties, and ease of pro-
cessing (reviewed in [24]). PLGA and its derivatives have
been the center focus for developing nano/microparticles
encapsulating therapeutic drugs in a biodegradable format.
Many macromolecular drugs including proteins, peptides,
genes, vaccines, antigens, and human growth factors can be
incorporated successfully into PLGA- or PLGA/PLA-based

nano/microparticles. And several microparticle formulations
already are available in the market (reviewed in [25]). How-
ever, intense research is ongoing to refine and enhance
PLGA-based NP over other delivery systems, including
developing blends of PLGA with other polymers, for exam-
ple, chitosan, pectin, poly(propylene fumarate), poloxamers
and poloxamines, polypyrroles, gelatin, poly(vinyl alcohol)
(PVA), PVA-chitosan-PEG, and poly(ortho-esters) (reviewed
in [25]). These novel technologies can produce PLGA- and
PLGA-based nano/microparticles for drug delivery and can
dramatically expand the new field for efficient drug/gene
delivery if the nanoparticles can be rendered echogenic or
acoustically active.

Biodegradable PLGA NPs can sustain delivery of drugs,
proteins, peptides, and plasmid DNA, owing to their ability
to protect macromolecules from degradation in endolyso-
somes (reviewed in [26]). NPs have distinct advantages for
drug delivery since they can penetrate deep into tissues
through fine capillaries, across fenestrations present in the
epithelial lining and, generally, are taken up efficiently by
the cells, allowing efficient delivery of therapeutic agents.
NPs also have the advantage of sustaining the release of
the encapsulated therapeutic agent over a period of days
to several weeks compared with natural polymers that have
a relatively short duration of drug release [27]. The safety
of PLGA-based NPs in the clinic has been well established
[28] and polyethylene-glycol- (PEG-) conjugated PLGA NPs
are currently emerging as molecules with reduced systemic
clearance compared with similar NPs lacking PEG [29].
Therefore, the field of gene delivery will continue to refine
and expand into PLGA NP for in vivo use, particularly with
US-mediated enhancements in efficiency.

Defining Sonoporation Parameters for Successful Gene Deliv-
ery Using NP. Efficacy and safety of cancer chemo- and
biotherapy are limited by poor penetration of anticancer
drugs from blood into tumor cells. Tumor blood vessel wall,
slow diffusion in the interstitium, and cancer cell membrane
create significant physiological barriers for macromolecular
agents. We have used nano- and microparticles in tumors
followed by ultrasound-induced cavitation for safe and effi-
cient drug and gene delivery. In several studies, sonoporation
has effectively enhanced anticancer drug or gene delivery in
tumor cells and tissues. In our experience, sonoporation does
not appear to negatively impact cellular viability of insonated
tumor cells or normal surrounding tissues after treatment
with either chemotherapeutic drugs [2] or plasmid DNA in
vitro [30] or in vivo [4] when MBs are utilized as the gene
carrier (Optison or SonoVue). SonoVue is an ultrasound
contrast agent made of MB stabilized by phospholipids and
containing sulphur hexafluoride (SF6), an innocuous gas
[31] and manufactured by Bracco Diagnostics Inc, USA.
Optison is an ultrasound contrast agent, consisting of gas-
filled MBs surrounded by a solid shell of heat-denatured
human albumin [32] resulting in a size range of 2.0 to
4.5 μm and manufactured by GE Healthcare, USA. For
example, we have shown minor damage to MCF-7 breast
cancer cells following exposure to low-intensity US in the
presence of either Optison MB or a chemotherapeutic drug,
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5-fluorouracil (5-FU) as assessed by low lactate dehy-
drogenase (LDH) release (a measure of cytotoxicity) and
MTT cell viability assays. However, depending on the US
parameters chosen, temperature changes can be observed in
vitro. For example, increases in US duty cycle enhanced cell
death associated with either Optison or 5-FU, using 3 MHz
and 2 W/cm2 for 1 min, while temperature changes were
negligible at low US duty cycles (5%). When a duty cycle of
20% was used, heating occurred from 18◦C to 36◦C, while,
at a duty cycle of 50%, heating rose up to 40◦C. Optison at
10% appeared to protect cells from the US heating bioeffects.
Cell viability was decreased by Optison dramatically when a
50% duty cycle was used and augmented by 5-FU delivery.
Therefore, careful selection of US parameters is required to
avoid any heating and cell toxicity. Interestingly, immediately
after treatment, cell death was most dependent on Optison;
however, 24 h after treatment, cell death was more dependent
on 5-FU, and the best minimal effective dose for cell
killing was 10 μg/mL. Furthermore, treatment with 5-FU
and US increased the levels of Bax and p27kip1 proapoptotic
proteins, but the addition of Optison appeared to suppress
apoptotic protein expression. This study clearly illustrates
the need for experimental design aimed at dissociating
specific from nonspecific toxicity effects of a gene or drug
delivered by sonoporation in order to better refine the
conditions for delivery in vivo. Another detailed study that
illustrated the importance of examining the best parameters
for delivering macromolecules used a macromolecule that
modeled the Mw of drugs or plasmid DNA and delivery
with Optison [1, 30], whereby transfection was obtained
up to ∼37% with minimal cell death, identifying optimal
parameters of US exposure able to produce efficient delivery
of macromolecules.

Like MBs, in our experience, echogenic nanoparticles
made from polystyrene (PS) or PLGA also do not appear to
produce any toxic effects in the presence of US. For example,
in an in vivo DU145 prostate cancer model, no alterations are
seen histologically to indicate cell death in tissues for PLGA
NP plus US, even in the presence of pDNA:PEI complexes
[3]. The next section will cover in detail strategies for US-
mediated DNA delivery with PLGA and PEI:pDNA NP in
vivo.

3.1.3. Ultrasound Enhances Gene Delivery by PLGA When
pDNA Is Complexed with Polycationic Polymers. Over the
years, a significant number of cationic polymers have been
explored as carriers for gene delivery (reviewed in [33])
since they condense DNA into small particles and facilitate
uptake by endocytosis. One of these cationic polymers is
poly(ethylene imine) or PEI (reviewed in [34]). The potential
of PEI was first described for gene delivery applications in
1995 [35]. Several molecular weights of PEI have been inves-
tigated with the most suitable forms ranging in 5–25 kDa
[36, 37]. Higher-molecular-weight PEI increases cytotoxicity
due to polymer aggregation at the cell surface [38]. Low-
molecular-weight PEI is less toxic yet is usually less effective
for gene delivery, since the lower amount of positive charges
per molecule makes it difficult for small PEIs to appropriately
condense negatively charged DNA molecules. Gene delivery

research has used either hyperbranched or linear PEI, and
branched PEI has shown stronger complexation with DNA
since it typically forms smaller complexes DNA:linear PEI
[39]. The condensation behavior of branched PEI:DNA is
less dependent on buffering than high-molecular-weight
PEI, yet the transfection efficiency of linear PEI (22 kD):DNA
complexes is typically higher than that of branched PEI
(25 kD) when prepared in a salt-containing buffer [39]. in
vivo, linear PEI:DNA complexes prepared in high salt con-
ditions are 100-fold less active than complexes prepared in
low salt conditions, suggesting efficient transgene expression
depends greatly on the size of DNA complexes.

Recently, we have shown that linear PEI (in vivo JetPEI)
can enhance echogenic PLGA NP plasmid DNA (pDNA)
delivery in vivo with US. Several ways exist to produce
PLGA:PEI:pDNA particles from the original PLGA structure
and branched or linear PEI molecules and these are depicted.
The order in which PLGA particles are formulated with
polycation PEI appears to affect gene expression magnitude.
For example, Zhang et al. (Figure 3(a)) have compared
three formulation methods for preparing microparticles
containing PLGA PEI and pDNA and evaluated the meth-
ods for buffering capacity, cellular uptake, transfection
efficiency, and toxicity. In the first method, PLGA PEI
pDNA microparticles are prepared by entrapping pDNA
in blended PLGA/PEI using the double emulsion water-in-
oil-in-water solvent evaporation technique (PA) [40]. In a
second approach, PEI-pDNA polyplexes are prepared and
then entrapped in PLGA microparticles using a double
emulsion solvent evaporation method (PB). Microparticles
prepared using formulation methods PA and PB are then
compared against PLGA microparticles with PEI conjugated
to the surface using carbodiimide chemistry (PC); 0.5% PVA
is identified as the optimum concentration of surfactant for
generating the strongest transfection efficiencies. N : P ratios
of 5 and 10 are selected for preparation of each group. Gel
electrophoresis demonstrated that all PLGA formulations
had strong pDNA binding capacity with significantly lower
in vitro cytotoxicity for PLGA PEI microparticles than for
PEI alone. PLGA PEI pDNA microparticles mediate higher
cellular uptake efficiency and consequently higher transgene
expression than unmodified PLGA microparticles in COS7
and HEK293 cells.

Preparing PEI-pDNA polyplexes prior to entrapment in
PLGA microparticles (PB) results in a higher pDNA load-
ing capacity than pDNA loaded onto unmodified PLGA
microparticles. PLGA PEI pDNA microparticles prepared
in this manner and with a N:P ratio of 5 provide the
strongest transfection efficiency, which is ∼500-fold and
∼1800-fold higher than that obtained with unmodified
PLGA pDNA microparticles in HEK293 cells and in COS-7
cells, respectively, (Figure 3(a)) [40]. One downside of this
formulation strategy is that the particles generated are in
the micron range, limiting systemic in vivo use. This study,
however, guided our rationale for developing improved
PLGA:PEI:pDNA particles, whereby strategy refinement was
achieved by producing instead echogenic nanoparticles of
PLGA. For our studies, we selected linear PEI (LPEI)
(Figure 3(b)) [3] since it is reportedly less toxic to cells than
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Figure 3: Different strategies to complex DNA with PLGA-based nanoparticles. (a) Structure of polylactic-co-glycolic acid (PLGA) and
linear polyethylenimine (PEI). A branched PEI can also be utilized to form complexes. (b) Schematic of the preparation methods of PLGA
formulations using methods that result in plasmid DNA incorporation on the inside or the surface of PLGA particles as reported in [3, 40].

its branched counterparts, perhaps due to mediating a lower
condensation of LPEI:DNA complexes and a more efficient
intracellular dissociation following uptake. LPEI:DNA com-
plexes have been shown to enter the nucleus more readily
than branched PEI:DNA [39].

The PLGA:PEI:pDNA complexes shown in Figure 3(b)-
(4) are effective in delivering genes to the lung (Fig-
ure 4(a)) and prostate tumors when ultrasound is applied
(Figure 4(b)). Pulmonary gene delivery can be an excellent
route for gene therapy of lung-related genetic diseases and
may induce immunity towards pathogens entering the body
via the airways. For example, PLGA NPs prepared bearing
polyethyleneimine (PEI) on their surface were characterized
for their potential to transfect the pulmonary epithelium
[41]. These particles were synthesized at different PLGA-
PEI ratios and loaded with DNA in several PEI-DNA ratios,
exhibiting narrow size distributions, with mean particle sizes
ranging from 207 to 231 nm. Zeta potential was strongly
positive (>30 mV) and loading efficiency high (>99%).
Internalization of the pDNA-loaded PLGA-PEI NP was

examined in the human airway submucosal epithelial cell
line, Calu-3, and gene expression was detected in the endo-
lysosomal compartment as soon as 6 h following application
of particles (Figure 4(a)). NP cytotoxicity was dependent on
the PEI-DNA ratio and the best cell viability was achieved
by PEI-DNA ratios of 1 : 1 and 0.5 : 1. Although this example
did not use US to mediate gene delivery, it illustrated the
potential of PLGA-PEI NP for achieving lung epithelium
transfection as well as the importance of carefully titrating
the ratio of PEI to pDNA in order to not exacerbate this
cationic polymer toxicity effects.

In our in vivo studies with similar PLGA:PEI:pDNA
NP, we have shown that polyplexes of β-gal reporter gene
plasmid DNA and linear polyethyleneimine derivative (in
vivo JetPEI) can be formed and complexed with ∼200 nm
echogenic PLGA NP [3]. PLGA:PEI:pDNA complexes were
administered into DU145 prostate tumor-bearing nude mice
and, immediately after, a low-intensity US was applied to the
tumor site. Pulsed insonation for 5 minutes at 1 MHz and
−7 bars produced a significantly greater expression of the
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(a) Bgal expression in control (left) and ultrasonicated (right) tumors with PLGA/PEI/DNA complex nanoparticles injected intravenously.
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protein are higher in tumors that received US (+US) compared to those without US treatment (−US). Levels of B-gal are shown relative to
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reporter gene in the tumor (∼10% cells are positive for the
reporter gene LacZ) compared to the noninsonated bilateral
control tumor (∼1% cells positive for LacZ gene) (Figure 4).
Therefore, US augmented gene delivery in vivo. One impor-
tant component of these studies was the echogenic property
of the PLGA nanoparticles. These particles were prepared in
a manner that resulted in “air-filled” particles that were able
to oscillate in the acoustic field, which likely stimulated their
or DNA uptake by endocytosis. The particles zeta potential
was 13.4 ± 2.6 mV, and echogenicity properties were tested
using ultrasound imaging, which revealed a similar acoustic

activity as standard Definity microbubble particles. Definity
particles are lipid-encapsulated microbubbles containing
perfluoropropane gas ranging in size from 1.1 to 3.3 μm
[42] and manufactured by Bristol-Myers Squibb Medical
Imaging, US. The overexpression of the β-gal reporter gene
delivered was examined by X-gal staining and Western
blot, and at least an 8-fold increase was observed in cell
transfection efficiency in irradiated tumors compared to
nonirradiated control. Negligible cell death was produced
by ultrasonication and we determined the pDNA condensed
by PEI was protected from degradation even under US
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conditions. These results indicated that this formulation is
promising for in vivo gene delivery of plasmid DNA using
sonoporation. PLGA and PEI each are formulation choices
that have certain advantageous chemical and structural
characteristics that can enhance pDNA delivery in tumor
cells. The advantage of PLGA, as discussed earlier, is the
biodegradability profile and echogenicity of the prepared
NP. The advantage of the in vivo jetPEI, as shown by our
data, was its ability to protect pDNA from any potential
US-induced damage. Also, PEI could further enhance NP
translation potential as this polymer already has been utilized
in clinical trials for bladder cancer [43]. Moreover, an
important rationale for using PEI to condense pDNA and
complex it to the surface of echogenic PLGA NP is to
enable delivery of a large amount of pDNA (≥50 μg) [3],
which is usually necessary to achieve efficacy in in vivo
gene therapy settings [4], while still preserving the nanoscale
dimensions of the chimeric NP (∼200 nm). In some cases,
pDNA can be loaded inside the PLGA NP, but usually this
results in minimal encapsulation (5%) for this NP type,
requiring a microparticle production. For example, IL-10
is an anti-inflammatory molecule that has achieved interest
as a therapeutic for neuropathic pain. In one recent study,
encapsulation of plasmid was low (only ∼8 μg pIL-10) when
PLGA microparticles of ∼4.6 μm were utilized to deliver IL-
10 [44]. And although this PLGA:pIL-10 therapy was able
to relieve neuropathic pain for greater than 74 days in an
animal model following direct intrathecal administration, a
micron-sized particle such as this may be less desirable for
tumor therapy and targeting, for example, as penetration and
retention into tumor vasculature is desired with or without
using sonoporation for gene delivery. However, refinements
are possible that will allow incorporation of other choices of
cationic polymers for DNA condensation and loading onto
echogenic PLGA NP for further reductions in any potential
PEI in vivo toxicity [38, 45], and potential approaches will be
discussed as follows.

Another polycation that would potentially be useful
for condensing pDNA while enhancing US-mediated gene
delivery is poly(L-lysine) or PLL, which has been used widely
in gene therapy studies. One interesting recent study has
shown that improvements can be made to PLL to reduce
cytotoxicity and enhance transfection efficiency. This more
efficient polymer is composed of short oligolysine grafts
strung from a hydrophobic polymer backbone [46] and
gives transfection efficiency greatly superior to PLL. The
oligolysine graft length was altered to improve DNA-polymer
interactions and overall transfection efficiency. Additionally,
when PKKKRKV heptapeptides (the Simian virus SV40 large
T-antigen nuclear localization sequence) were added onto
the oligolysine polymer backbone, transfection efficiency was
further enhanced and reporter gene expression levels reached
levels higher than, or comparable to, JetPEI, FuGENE 6, and
Lipofectamine 2000, the latter being notorious for cytotoxic-
ity accompanying high transfection efficiency. Using heparin
decomplexation assays, the mechanism for the enhanced
gene delivery was determined to involve the relative strength
of the polymer-DNA complex, contributing to the therapeu-
tic promise of these novel oligolysine reagents since they are

able to better release DNA during the transfection process
following nuclear uptake.

Another potential DNA condensation agent for high-
level gene delivery would involve the use of dendrimers of
poly(amidoamine) or PAMAM. These have several advan-
tages over PEI in vitro and in vivo, including a lower
toxicity profile and reduced nonspecific lung transfection.
An interesting recent study has shown that pDNA con-
densed with PAMAM starburst dendrimers (generation 4
and 5) can efficiently transfect tumor cells in vitro and
in vivo [47]. Following intravenous injection of polyplexes
into immunecompetent mice bearing subcutaneous, well-
vascularized murine neuroblastoma (Neuro2A), luciferase
reporter gene expression was detected predominantly in
the tumor, while negligible transgene expression levels were
detected in other organs as determined by bioluminescent
in vivo imaging (BLI) (Figure 5(a)). Compared to linear PEI
(LPEI), Luc expression was relatively higher and lung signals
were greatly reduced for PAMAM-G5:pLuc, indicating this
is a promising polyplex for in vivo gene delivery to tumors.
Additionally, repeated applications of this polyplex type were
well tolerated and resulted in prolonged average transgene
expression in tumors as determined by BLI (Figure 5(b)).
Fluorescence in vivo imaging using these polyplexes labeled
with near-infrared emitting semiconductor quantum dots
revealed that, although lung accumulation was similar for
both PAMAM and LPEI polyplexes, only LPEI polyplexes
induced high luciferase expression in lung. The mechanism
proposed may involve aggregation of LPEI:pDNA with blood
components that can induce backpressure in the blood flow,
pushing plasmid through the lung endothelium into the
vicinity of alveolar cells. Alveolar type II pneumocytes, beside
endothelial cells, comprise the major fraction of transfected
cells following of LPEI:pDNA i.v. injection. Therefore the
authors concluded that although PAMAM polyplexes were
trapped within the lung due to charge interactions, the
occlusion of capillaries might not be effective enough to
induce effects similar to LPEI in lung, and transfection
signals are not detectable. At any rate, the PAMAM-G5
dendrimer could be a potential candidate for loading pDNA
onto echogenic PLGA NP since, as PEI, it promises to have
highly desirable characteristics of enhanced gene delivery
that is restricted to tumors and a reduced off-target (lung)
reporter gene expression in vivo. Finally, another promising
new cationic polymer that could be a great candidate
for complexing with PLGA is one containing a branched
oligoethyleneimine (OEI, 800 Da) core, diacrylate esters
as linkers, and oligoamines as surface modifications [48].
Although complex in structure, these are also promising
since they exhibit low cytotoxicity in vivo and were shown
to transfect tumor tissue at levels comparable to those
with PEI but were better tolerated with no change in liver
histology or liver enzymes, while LPEI and BPEI resulted in
an increase in liver enzyme levels, suggesting early necrotic
stages in liver 24 h after treatment. OEI also exhibited a
more tumor-specific gene expression profile than when PEI
was used, with lower lung transgene expression. Finally,
dendrimers also can be used to target nucleic acid delivery
to particular cells or tissues using cell-penetrating peptides.
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Figure 5: PAMAM-dendrimer-based complexes may be an alternative to PEI for pDNA delivery in vivo using NP. (a) PLGA:PAMAM-G5
gives higher tumor expression of reporter pDNA and lower nonspecific lung transfection for a more favorable biocompatible profile in
vivo. In this example, A/J mice with subcutaneous Neuro2A tumors received a single intravenous injection of LPEI polyplexes N/P 6 (1)
or PAMAM-EDA G5 polyplexes charge ratio 2.9/1 (2) containing plasmid pCpG-hCMV-Luc (2.5 mg/kg based on pDNA) and BLI was
carried out 24 h later. Reprinted with permission from [47]. (b) Prolonged reporter gene expression in Neuro2a following intravenous
administration of pCpG-hCMV-Luc/PAMAM-EDA G5 polyplexes (±2.9). Reprinted with permission from [47]. (c) PLGA:PAMAM G5-
PEG nanoparticles deliver plasmid DNA more effectively (muscle) than G5. Reprinted with permission from [54].

For example, PAMAM-G5 dendrimers displaying cyclic RGD
targeting peptides (PAMAM-RGD) improved transport [49]
and also could deliver siRNA in polyplex complexes of
∼200 nm, mediating more efficient nucleic acid delivery
through multicellular 3D U87 glioma spheroids than that of
native PAMAM dendrimers, presumably by interfering with
integrin-ECM contacts present in a three-dimensional tumor
model [50].

Although highly efficient nonviral gene carriers, one
common drawback of LPEI, PLL, and PAMAM dendrimer
cationic polymers is that these may present a high toxicity in
vivo, even if a relatively low cytotoxicity is initially observed
in vitro. Therefore, some solutions have included surface
modification to significantly help reduce their toxicity [51–
53]. For example, to help expand the in vivo applications
of PAMAM, one study attempted to improve characteristics
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of this polymer as a gene delivery carrier by incorporation
of polyethylene glycol (PEG, molecular weight 5,000). PEG
is known to convey water solubility and biocompatibility
to conjugated copolymers and usually does not adversely
affect self-assembly of copolymer with pDNA, still allow-
ing nanosized complex formation with a narrow particle
size distribution. When PEG was conjugated to G5 and
G6 PAMAM dendrimers (PEG-PAMAM) at three different
molar ratios of 4%, 8%, and 15% (PEG to surface amine
per PAMAM dendrimer molecule) [54], in vitro and in vivo
cytotoxicities were reduced significantly. Also, hemolysis was
reduced, especially at higher PEG molar ratios. Among all
of the PEG-PAMAM dendrimers, 8% PEG-conjugated G5
and G6 dendrimers (G5-8% PEG, G6-8% PEG) were the
most efficient in delivering genes to muscle following direct
administration to neonatal mouse quadriceps (Figure 5(c)).
Consistent with the in vivo results, these two 8% PEG-
conjugated PAMAM dendrimers could also mediate the
highest in vitro transfection in 293A cells. Therefore, G5-
8% PEG and G6-8% PEG possess a great potential for
gene delivery and could conceivably be adapted to con-
dense nucleic acids and be loaded atop echogenic PLGA
NP for US-mediated enhancements in intramuscular gene
delivery.

Other preparations successful in intramuscular gene
delivery have been described, of interest since they enhance
US-mediated gene delivery. These include efficient gene
transfer in muscle to deliver basic fibroblast growth factor
(bFGF) angiogenic gene therapy in limb ischemia. Bub-
ble liposomes (DSPE-PEG2000-OMe with perfluoropropane)
were used to transfect muscle in the presence of US [55]. In
this example, bFGF was delivered and capillary vessels were
enhanced and blood flow improved in the bFGF + MB + US-
treated groups compared to other treatment groups (non-
treated, bFGF alone, or bFGF + US). Skeletal muscle is a
target of interest for gene delivery since it can mediate gene
therapy of both muscle (e.g., Duchenne Muscular dystrophy)
and nonmuscle disorders (e.g., cancer, ischemia, or arthritis).
Its usefulness is due mainly to the long-term gene expression
profile following gene transfer, which makes it an excellent
target tissue for the high-level production of therapeutic
proteins such as cytoskeletal proteins, trophic factors, hor-
mones, or antitumor cytokines. Refining the conditions
for sonoporation as well as the optimal formulation for
achieving high-level transgene expression in skeletal muscle
will continue to be an important focus of gene therapy
delivery efforts for treating tumors, and in particular the
delivery of antitumor cytokines.

3.1.4. MB Can Enhance NP Gene Delivery by Sonoporation
in Muscle Tissue. An interesting concept to aid NP gene
delivery by sonoporation has employed combination with
microbubbles in vivo. In one example, the hypothesis was
tested that combination of a low concentration of MB
could help reduce any US bioeffects and allow similar
levels of transfection to occur when using PLGA NP at a
lower US intensity and with a shorter duration in time.
One interesting study examined the potential of improving
siRNA delivery of retinal cells (RPE-J) in the presence of

PLGA NP and a small amount of SonoVue MB [56]. Low-
intensity US or 15–20% SonoVue MB also increased the
siRNA delivery efficiency when a lower concentration of PEG
and Poly-lysine-conjugated PLGA particles were used. The
combination of US with MB was used to select the optimal
enhancement of NP delivery but did not furhter increase
the cellular uptake of NP, but it achieved significantly higher
PDGF-BB gene silencing compared to NP alone.

Another example of combining NP with MB to enhance
gene delivery is shown in Figure 6. This study showed
that gene delivery of recombinant growth factors to stim-
ulate arteriogenesis is possible through a combination
of NP, an albumin-based MB contrast-agent, and US in
vivo (Figure 6(a)) [57]. After verifying that ultrasonic MB
destruction effectively deposited intravascular polystyrene
nanoparticles into mouse adductor skeletal muscle, FGF-
2-bearing biodegradable PLGA NPs (FGF-2-NP) were gen-
erated and coadministered intraarterially with MB, and
delivery was spatially targeted to ischemic mouse hind limbs
using 1 MHz US. The delivery of FGF2-NP stimulated appre-
ciable arteriogenic remodeling in ischemic mouse hind-limb
adductor muscles. This response included an increase in the
total number of large and moderate diameter arterioles (i.e.,
>15 μm in diameter), as well as a marked luminal expansion
of both collateral and transverse arterioles (Figure 6(b))
two weeks after treatment. This system efficiently delivered
PLGA FGF2-NP to mouse muscle in a model of hind-limb
arterial insufficiency. This method has several features that
may enhance its potential for successful clinical translation,
including minimally invasive targeting, sustained growth-
factor delivery, and retention of growth factor bioactivity.
Ultimately, these results indicate that ultrasonic MB destruc-
tion has potential as a platform for therapeutic delivery of NP
in vivo for vascular remodeling, and depending on antitumor
therapeutics chosen, this may have important implications
also for tumor therapy using cytokine gene delivery, for
example.

3.1.5. Future Formulations: Promise for Echogenic PEGylated
or Dendrimer PLGA Formulations. As we have shown, PLGA
NP can be echogenic and serve as a contrast agent in addition
to as a gene delivery vehicle. For example, in vivo ultrasound
imaging can be accomplished with a high-resolution small
animal imaging system and is illustrated in Figure 7. We show
an example of US imaging for examining the kinetics of
PLGA NP in vivo (prostate tumors) by using novel, high-
resolution ultrasound imaging system Vevo 770 developed
by VisualSonics (Toronto, Canada). The system has the
ability to visualize and quantify tumors, hemodynamics,
and therapeutic interventions with resolution down to 30
microns noninvasively and in real time. Figure 7(a) shows an
image of a DU145 prostate tumor in a nude mouse obtained
with the system following intravenous administration of
PLGA NP (same NP as described in Figure 4(b)). The
system was capable of detecting the distribution of an
unlabeled ultrasound contrast agent (UCA, VisualSonics)
and allowed its visualization in the tumor (the areas with
high concentration are represented in green). A specially
developed computer code allowed to quantify kinetics of
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Figure 6: Nanoparticle uptake can be enhanced by ultrasonication in the presence of microbubbles in skeletal muscle in vivo. (a) Gracilis
skeletal muscle cross-sections illustrating fluorescent polystyrene nanoparticle (NP) delivery for each treatment. (A)–(I) Muscle treated with
ultrasound (US) + microbubbles (MB) + nanoparticles (NP) combinations. For the conditions of US + MB + NP, NPs (red) accumulate in
vessel walls and muscle interstitium (BS-1 lectin staining, green). For muscle treated with US + NP, NPs colocalized with endothelium but
minimal interstitial deposition was observed. Muscle treated with MB + NP was almost void of NP. (J) Bar graph representing the fraction
of interstitial area (regions outside of muscle fibers and vascular structures) or endothelial cell area (cells comprising the walls of blood
vessels) occupied by NP. Values are means with standard deviations. ∗indicates significantly different (P < 0.05) than interstitial area of all
other groups. +indicates significantly different (P < 0.05) than endothelial cell area of all other groups. (b) The delivery of FGF-2 bearing
nanoparticles by ultrasonic microbubble destruction elicits arteriogenic remodeling in gracilis adductor muscle. (A)–(D) Representative
whole-mount images of fluorescently labeled SM α-actin+ vessels in gracilis adductor muscles 7 and 14 days after FGF-2 (A) and (B) and BSA
(C) and (D) treatment. Note the significant increase in arteriolar caliber and density in FGF-2-treated muscles. (E) Bar graph of arteriole line
intersections at both time points for FGF-2, BSA, and sham surgery treatment. Values are means with standard errors. ∗indicates significantly
different (P < 0.05) than BSA and sham surgery at day 14. Reprinted from [57] with permission from Wiley.

this UCA in the tumor (Figure 7(a), right panel). There
was a sharp increase of the concentration in the whole
tumor within first 2 to 3 seconds after the injection that
was followed by a wash-out process (decrease of the contrast
intensity). The necrotic areas at the center of the tumor
had similar kinetics but less concentration of the UCA
due to lower vascularization (Figure 7(b), left panel). In

contrast, injection of the PLGA nanoparticles into the same
mouse (after clearance from the UCA) demonstrated almost
constant concentration of the PLGA nanoparticles 15 sec-
onds after the injection (Figure 7(b), right part). This effect
resulted from competition of two processes: (1) the decrease
of nanoparticles concentration in blood and (2) the increase
of their concentration in the tumor blood vessels due to
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Figure 7: . Echogenic PLGA nanoparticles can be utilized also as ultrasound contrast agents in vivo. (a) (1) A tumor image obtained with
the high-resolution ultrasound system VEVO770 (VisualSonics). (2) Kinetics of the contrast agent in the whole tumor shown in (1). (b)
(3) Kinetics of the contrast agent in the central area of the tumor shown in (1). (4) Kinetics of the PLGA nanoparticles in the whole tumor
shown in (1).

the EPR effect. Moreover, the contrast intensity produced by
the PLGA nanoparticles (∼175) was much higher compared
to that of the UCA (∼100). These data indicate that high-
resolution ultrasound small animals imaging systems are able
to detect the PLGA nanoparticles in tumors in vivo and that
these nanoparticles are highly echogenic.

Further modifications can be made to echogenic PLGA
NP to enhance their potential for longer circulation half-
life and for enabling tumor-specific targeting. For example,
surface modifications can be made to polymeric nanopar-
ticles to add PEGylated phospholipids in order to escape

recognition and clearance by the mononuclear phagocyte
system and achieve passive tumor targeting. Nanopar-
ticles consisting of a shell of PLGA encapsulating a
liquid core of perfluorooctyl bromide (PFOB) can be
decorated with poly(ethylene glycol-2000)-grafted dis-
tearoylphosphatidylethanolamine (DSPE-PEG) and result-
ing particles still are echogenic and can allow visualiza-
tion of MIA-PaCa-2 pancreatic tumors in vivo, following
intratumoral or intravenous injection (Figure 8(a)). In this
example, the tumor was visualized only following intra-
tumoral UCA injection. Despite the absence of echogenic



Journal of Drug Delivery 13

1 2

3 4

(a)

DIC Fluorescence Superposition

Control

NC

NC-PEG

(b)

Figure 8: PEG-PLGA particles as ultrasound contrast agents in vivo. (a) Ultrasound images of mouse pancreatic tumors obtained in a
nonlinear imaging mode before injection (1)–(3) and after intratumoral injection of plain nanocapsules (2) or PEGylated nanocapsules (4).
The tumor is indicated as the region of interest (ROI) represented by a circle. (b) Confocal microscopy images of tumor slices from a control
mouse (control) and mice after 24 h of an intravenous injection of non-PEGylated nanocapsules (NC) and PEGylated nanocapsules (NCL-
PEG). DIC corresponds to differential interference Nomarski contrast. Red fluorescence corresponds to PLGA dyed with Nil Red. Reprinted
from [58] with permission from Elsevier.

signal in the tumor after intravenous injection of NP,
histological analysis revealed their accumulation within the
tumor [58], and this accumulation can be explained by their
increased circulation time due to their PEGylated surface
(Figure 8(b)). PEG coating protects NC-PEG against plasma
protein adsorption and therefore against recognition by
phagocytic cells. The increased circulation time favors their
passive targeting in tumor tissue by the enhanced permeation
and retention effect [59]. A quantitative biodistribution
of NC-PEG likely would have been helpful to assessing

their actual concentration in tumors and determining the
concentration threshold necessary for ultrasonography with
these new UCAs.

4. Novel Directions

4.1. PLGA as an Ultrasound Contrast Agent. Other UCAs
recently developed by Nestor et al. include air-filled nanocap-
sules made of PLGA. These have a critical advantage
over current commercial UCAs, which are not capable of
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penetrating the irregular tumor vasculature due to their
larger dimensions. These new nanoscale UCAs based on
PLGA can therefore be used to enhance tumor detection
since they display enhanced stability compared to commer-
cially available UCAs when in the presence of US. Air-filled
nanocapsules with a mean diameter of ∼370 nm have been
shown to maintain a spherical shape and thickness <50 nm
and remain echogenic [60], providing an enhancement of up
to 15 dB at a concentration of 0.045 mg/mL at a frequency of
10 MHz. Loss of signal for air-filled nanocapsules was 2 dB
after 30 min, suggesting high stability. This UCA therefore
has the potential to be applied to ultrasound imaging. Other
NPs that are in development as UCAs include polymer-based
multifunctional nanoparticles that exhibit a near-infrared
absorption and can be used as a novel photoacoustic contrast
system [61, 62]. Photoacoustics is a new imaging modality
in which laser light is shined into tissue and adsorbed by
inherent or synthetic molecules or particles and generates
ultrasound. Submicron-sized NPs with a high encapsulation
efficiency have been created by the incorporation of near-
infrared (NIR) dyes in PLGA via a spray-drying process.
Subsequent centrifugation yielded two size fractions ranging
from ∼445–550 nm to ∼253–305 nm in diameter [61, 62].
These NIR PLGA NP exhibited photoacoustic properties
using an Nd:YAG laser-based system but did not show
any detrimental effects on cell viability or mitochondrial
activity. Photoacoustics properties persisted in cell culture
for up to 2 days, suggesting the excellent photoacoustic
properties plus the low cytotoxicity profile renders these dye-
loaded PLGA particles promising candidates for a resorbable
photoacoustic contrast system in vivo.

4.2. The Future for Biodegradable PLGA for Gene Delivery

4.2.1. Developing Better PLGA Nanoparticles. One improve-
ment that might impact PLGA NP effectiveness as a gene
delivery agent in vivo is to improve the acidic microclimate
developed during polymer degradation which can poten-
tially damage the nucleic acid that may be encapsulated or
complexed to the NP. Buffering agents have been used that
incorporate antacid (0, 3% MgOH2) [63], whereby PLGA
microspheres maintained a more homogeneous surface,
resulting in a significant reduction of the commonly seen
“burst effect.” For example, PLGA microspheres of ∼47
micron have been shown to completely release pDNA over
the course of two months, addressing some of the major
problems associated with DNA encapsulation and release.
We envision that these same buffering principles might be
applicable to smaller PLGA particles to help reduce any
pDNA degradation that might occur secondary to polymer
degradation prior to or following US-mediated gene delivery
in vivo.

4.2.2. Current New Technology: Nonechogenic PLGA NP Have
Been Used with Success for Targeted Drug Delivery. Several
studies have reported the use of PLGA NP or MP for
targeting drug delivery to tumor cells. These PLGA NPs are
still under development and are not echogenic. Thus, these
new approaches will be useful when adapted for the field

of ultrasound-mediated gene delivery. We envision that the
same targeting moieties can be conjugated or complexed
onto PLGA particles with acoustic activity for future appli-
cations to gene delivery by sonoporation. We describe here
examples of targeting using PLGA NP, including the studies
described in Figure 8. In Figure 9(a), PLGA-based MPs were
produced that were able to target prostate tumor cells
expressing the prostate-specific membrane antigen or PSMA
[64]. A set of air-filled MBs of various biocompatible poly-
mer compositions were prepared and characterized in terms
of morphology and echogenic properties after exposure to
US. MBs derived from PLG-poly(ethylene glycol) (PEG)
copolymer resulted in being the most effective in terms of
reflectivity. PLGA-PEG was therefore preconjugated before
MB preparation with an urea-based PSMA inhibitor [65].
Using this copolymer as a starting material, the MBs were
examined in vitro for their targeting efficacy toward PSMA-
positive cells. Fluorescence microscopy showed a specific
and efficient adhesion of targeted MBs to LNCaP cells. This
model for targeting PSMA might be further optimized for
smaller particle use (echogenic nanoparticles) and used for
prostate cancer diagnosis and drug or gene delivery.

Additional targeting moieties for PLGA NP have utilized
aptamers, which are single-stranded RNA or DNA oligonu-
cleotides∼15–60 bp in length that can bind with high affinity
to specific molecular targets. Most aptamers to proteins bind
with a Kd of∼1 pM to 1 nM, which is an affinity level similar
to that of monoclonal antibodies. Moreover, aptamers are
able to bind to nucleic acid, proteins, and small organic
compounds and enable targeting to specific cells, in a manner
similar to the concept of high-affinity antibodies. For exam-
ple, a targeting nanoparticle was developed that had a mucin-
1- (MUC-1-) specific Aptamer (Apt-NP) conjugated to the
surface (Figure 9(b)). MUC1 protein is an attractive target
for anticancer drug delivery owing to its overexpression in
most adenocarcinomas. In this study, a reported MUC1
protein aptamer was exploited to target Paclitaxel- (PTX-)
loaded PLGA NPs of ∼225.3 nm in size. Using MCF-7 breast
cancer cells as a MUC1-overexpressing model, the aptamer
increased the uptake of nanoparticles into the target cells
as measured by flow cytometry. Moreover, the PTX-loaded
Apt-NPs enhanced in vitro drug delivery and cytotoxicity
to MUC1+ cancer cells, as compared with nontargeted NP
lacking the MUC1 aptamer. The behavior of this novel
aptamer-NP bioconjugate suggests that MUC1 aptamers
may have a wider application potential in targeted gene
delivery towards MUC1-overexpressing tumors [66]. Other
aptamers used for targeted delivery of NP have included
PLGA conjugated to polyethylene glycol (PEG), which have
been used to deliver encapsulated prodrugs. PLGA NP are
targeted using aptamers with affinity for the extracellular
domain of PSMA [67, 68]. Such NP are highly efficacious
compared to prodrugs in vivo, and pharmacokinetic studies
showed improvements in tolerability and efficacy compared
to standard chemotherapy (Figure 10). We envision that such
a NP design might greatly enhance gene delivery targeted
specifically to prostate cancer cells expressing PSMA.

Other uses of aptamers have included a PLGA NP
of ∼156 nm decorated with aptamer AS1411 (Apt-NP)
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Figure 9: Targeted nanoparticles are promising for future in vivo gene delivery approaches. (a) PSMA-targeted PLGA-based microparticles
enter LNCaP (PSMA+) PCa cells. Untreated control (1), after 30 min of exposure to nontargeted FITC-loaded (2), and targeted FITC-loaded
(3) MBs. Cell nuclei were stained with Hoechst (blue). The number of green-positive cells per field was significantly different from that of
nontargeted MBs. Reprinted from [64] with permission from American Chemical Society. (b) Confocal fluorescent scanning microscopy
images detecting cellular uptake of MUC-1 targeted Aptamer conjugated NPs (top row) or NPs (bottom row) in MCF-7 cells. Green
fluorescent FITC was encapsulated in Apt-NPs and NPs. The nuclei were stained blue with DAPI. The right column showed the merged
images of the FITC and the DAPI channels. MCF-7 cells were exposed to FITC-encapsulated Apt-NPs or NPs at 100 μg/mL for 2 hours.
Reprinted from [66] under the terms of the Creative Commons Attribution License.

[69]. AS1411 is a DNA aptamer that specifically binds to
nucleolin, a protein upregulated in the plasmsa membrane
of both cancer cells and angiogenic blood vessels. Apt-
NP was used to facilitate antiglioma delivery of paclitaxel
(PTX). The Ap-nucleolin interaction significantly enhanced
cellular association of nanoparticles in C6 glioma cells
and increased the cytotoxicity of its payload. Prolonged
circulation and enhanced PTX accumulation at the tumor
site were achieved by Ap-PTX-NP, which also yielded higher
tumor inhibition on C6 glioma xenografts and prolonged
survival when comapred to PTX-NP (untargeted) and Taxol.
Therefore, aptamer-functionalized PLGA NP can be an
efficient therapeutic and this design might be adapted as well
for successful potential gene delivery to glioma.

Antibodies. Other PLGA NP that have been used for
effective cellular targeting have included PLGA nanobubbles
(NB) for cancer targeting and imaging using optical and US
modalities. For example, PLGA NBs have been conjugated
with cancer-targeting ligands such as a humanized antibody
to target the overexpressed TAG-72 antigen [70]. NB-
assisted dual-mode imaging was demonstrated on a gelatin
phantom with multiple embedded tumor simulators at

different NB concentrations, demonstrating the feasibility
of using dual-mode contrast agents for cancer targeting
and simultaneous fluorescence/US imaging. Another PLGA-
PEG NP recently described coupled the J591 monoclonal
antibody to its surface in order to direct targeting towards
PSMA-expressing prostate cancer cells. A pDNA encoding
β-gal was complexed to this NP via a salicyl-hydroxamic-
acid- (SHA-) derivatized PEI. After encapsulation, an 8-
to 10-fold enhancement in gene expression was attained
due to enhanced specific internalization and uptake of the
complex in PSMA-expressing cells. The release of pDNA
from NP showed a small initial burst release followed by
a 5% release over 48 h. The release accelerated thereafter
and ∼60% was released within a month. Also, the PEG-
PLGA composition (triblock polymer) was found to enhance
the polyplex/microparticle localization to the cell nucleus
and this enhanced the endocytic process of J591-mediated
targeting in prostate cancer cells.

RGD. Another class of polymeric contrast agents with
targeting potential was described in which the Arg-Gly-Asp
(RGD) peptide sequence was conjugated to either PLA or
PLGA microcapsules [72, 73]. These hollow, biodegradable
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Figure 10: Future Potential of PLGA-based nanoparticles for realizing efficient in vivo drug delivery. (a) PLGA formulations for drug
delivery. The antitumor efficacy of single intratumoral injections of drugs or controls was compared for several NP groups. Groups examined
included saline, pegylated PLGA NP (NP), Docatexel- (Dtxl-) encapsulated NP (Dtxl-NP) at 40 mg/kg, or Dtxl-NP-PSMA targeted Aptamer
conjugates at 40 mg/kg (Dtxl-NP-Apt). Aptamer-targeted NPs were more efficacious in tumor reduction compared to control groups. Data
points labeled with “∗” were statistically significant compared with all other groups by analysis of variance (ANOVA) at a 95% confidence
interval. (b) Representative mice at the end point for each group are shown (left) alongside images of excised tumors (right). For the Dtxl-
NP-Apt group, which achieved complete tumor regression, the scar tissue and underlying skin at the site of injection are shown. Black arrows
point to the position of the implanted tumor on each mouse. Reprinted from [68] with permission from PNAS.

microcapsules targeted αvβ3 and αvβ5 integrins, typically
expressed during angiogenesis. In vitro results indicated
that the modified capsules remained echogenic and adhered
specifically to the breast cancer cell line MDA-MB-231. An
interesting modification of this approach has been utilization
of a cyclic RGD targeting moiety conjugated via a micelle-
type PLGA-4 arm-PEG branched polymer for detecting and
treating pancreatic cancer [74]. These NPs contained the
4-arm PEG as a corona and PLGA as a core, while the
particle surface was conjugated with cRGD for in vivo tumor
targeting. The hydrodynamic size of NP was ∼150–180 nm
and NIR microscopy and flow cytometry studies showed that
the cRGD-conjugated NPs were taken up more efficiently
by U87MG glioma cells overexpressing integrins. Whole-
body imaging showed that the cRGD NP had the highest
accumulation in pancreatic tumors at 48 h after-injection
with low in vivo toxicity. We would predict additional
receptor targeting will be attempted in the near future and
this will likely extend targeting of PLGA nanoparticles to the
VEGFR and EGFR family of receptors to achieve enhanced
drug and gene delivery, as already has been shown to work
for microbubbles targeting the VEGFR2 receptor in tumor-
associated endothelial cells [75, 76].

Proapoptotic. PLGA NPs coated with a proapoptotic
monoclonal antibody have been efficient in delivering drugs
in a targeted manner. For example, use of NP coated with
Conatumumab or AMG 655 death-receptor 5 antibodies
(DR5-NP) has preferentially targeted DR5-expressing cells
and has induced apoptosis in a specific manner while also

delivering encapsulated drugs such as camptothecin [77].
This is an interesting example of antibody conjugation to
NP surface that can be exploited for the dual functions
of targeted drug delivery and cell killing. Another example
used gene delivery to achieve apoptosis in prostate tumors
by delivering pDNA expressing an shRNA against annexin
A2 [78]. In prostate cancer progression, annexin A2 is
upregulated cancer. These PLGA NP sustained intracellular
delivery of shRNA and achieved long-term downregulation
of annexin A2. Intratumoral administration of pDNA-
shAnxA2-loaded NP to xenograft prostate tumors in nude
mice inhibited tumor growth through reductions in annexin
A2 and VEGF levels. This interesting study suggests that the
use of sustained-release polymeric NP for delivering shRNA
constructs might serve as an effective adjuvant treatment
option for cancer.

One important final consideration for practical use of
PLGA or any NP for receptor and other tumor-targeted
genes delivery is the size range required for therapeutically
effective drug concentrations at tumor sites while reducing
undesirable side effects. For example, targeted drug delivery
using long-circulating particulate drug carriers of controlled
size (<100 nm diameter) (reviewed in [79]) holds great
potential to improve the treatment of cancer by selectively
providing enhanced permeability and retention (EPR) and
optimal tumor distribution of NP.

4.3. Future Uses: Targeted Echogenic PLGA Nanoparticles for
Theranostic Applications. For future applications, echogenic
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PLGA NP will be important to achieving theranostic appli-
cations (diagnostic and therapeutic) for cancer. For example,
for early cancer diagnosis and therapy, new systems will be
continually designed and developed with key components
uniquely structured at nanoscale according to medical
requirements. For imaging, it is envisioned that quantum
dots with emissions in the near-infrared (NIR) range will
continue to be utilized for delivering drugs and/or nucleic
acids. For example, quantum dots have been successfully
conjugated onto a surface of a nanocomposite material
consisting of a spherical polystyrene matrix (<150 nm).
Internally embedded supraparamagnetic Fe3O4 nanoparti-
cles (<10 nm) could be successfully loaded with PTX onto
this nanocomposite material by using a layer of PLGA
[80]. Variations of such a nanocarrier were then successfully
conjugated to antibodies or aptamers to achieve cell-specific
targeting. For example, these PTX-loaded PLGA nanocarri-
ers were conjugated to an anti-PSMA antibody for targeting
of LNCaP prostate tumors with high specificity in vivo.
For diagnostic applications, we envision that nanoparticle
contrast agents will become of increasing interest for high-
resolution imaging in medicine. For example, a novel dual-
modal contrast agent has been developed for structural
and functional imaging of cancer [81]. This contrast agent
was fabricated by encapsulating indocyanine green (ICG) in
PLGA MB. The technical feasibility of concurrent structural
and functional imaging was demonstrated through a series of
tests in which an aqueous suspension of ICG-PLGA MB was
injected into a transparent tube embedded in an Intralipid
phantom at different flow rates and concentrations. Concur-
rent fluorescence imaging and B-mode ultrasound imaging
successfully captured the changes of microbubble flow rate
and concentration with high linearity and accuracy. One
potential application of the proposed ICG-PLGA MB would
be for the identification and characterization of peritumoral
neovasculature. Enhanced coregistration between tumor
structural and functional boundaries could be achieved
using US-guided near-infrared diffuse optical tomography.
In a similar manner, photoacoustic imaging applications
also will be implemented, for example, NP exhibiting a
near-infrared (NIR) absorption can be prepared by incor-
poration of ICG into PLGA [61, 62]. These NPs were
biocompatible in vitro and had a high NIR dye encapsulation
efficiency (>98%) and two different size fractions were
obtained of ∼640 nm and ∼390 nm. Cytotoxicity studies
indicated no changes in metabolic activity, proliferation,
or membrane integrity. Their high optical absorption at
∼800 nm in combination with absence of cytotoxicity
qualifies the ICG-PLGA particles as promising candidates
for degradable photoacoustic contrast agents in future
studies.

Other nanoparticles in development include composite
PLGA-magnetic particles for simultaneous drug delivery and
imaging [82], and these might also be applied to gene
delivery in future applications. These magnetic nanoparticles
were embedded in PLGA matrices (PLGA-MNP) to achieve
a dual-drug delivery and imaging system and were capable
of encapsulating both hydrophobic and hydrophilic drugs
in a 2 : 1 ratio while retaining favorable biocompatibility

and cellular uptake properties. For targeted delivery of
drugs, targeting ligands such as Herceptin were tested,
demonstrating enhanced cellular uptake. Also, magnetic
resonance imaging was used to show improved contrast by
PLGA-MNP compared to commercial contrast agents due
to higher T2 relaxivity with a blood circulation half-life of
∼47 min in a rat model. These PLGA-based matrices may be
applied to both imaging and adapted to achieve successful
gene delivery.

5. Conclusions

PLGA and other nanoparticle delivery systems in general
have distinct advantages for gene delivery, such as protecting
DNA from degradation and enhancing complex stability.
PLGA-based NPs can penetrate deeply into tissues through
fine capillaries and are generally taken up efficiently by cells.
This allows efficient delivery and accumulation of therapeu-
tic agents, such as conventional medicines, vaccine antigens,
proteins, and genes, to target sites (tissues or organs) in
the body. PLGA NPs also have the advantage of sustained
and controlled release of the encapsulated therapeutic agent
over a period of days to several weeks compared with
natural polymers, which have a relatively short duration
of drug release. PLGA and other NP, if synthesized in a
manner to render acoustic activity, can strongly promote not
only therapy delivery but also serve as contrast agents for
standard US-mediated imaging or photoacoustic imaging.
PLGA NP will continue to be refined and improved also to
target gene and drug delivery to certain cells and tissues via
conjugation of highly specific antibodies, aptamers, or other
molecules to their surface. For gene delivery, other nucleic
acid types will be expanded either loaded onto or into PLGA
NP, including promising directions using siRNA/miRNA
technology to silence multiple tumor-promoting genes, for
example.

Overall, the promise of these technologies and ap-
proaches using PLGA NPs represents a novel and poten-
tially more effective means to manage cancer and other
diseases. However, thorough evaluation for pharmacoki-
netics, biodistribution, toxicity, and efficacy of particular
therapeutic agents (gene or drugs) is still required before
widespread use will be achieved for PLGA NP in clinical
trials. Nevertheless, gene delivery using PLGA- or PLGA-
based polymers is an attractive area with vast opportunities
for biomedical research. During the past few years, research
on PLGA NP has increased in the field of drug delivery
and targeting of NP to cancer cells or blood vessels within
tumors. We predict these improvements also may promote
advances in the gene delivery applications of PLGA NP. These
polymers are increasingly becoming feasible candidates for
delivering nucleic acids as anticancer agents and for vaccine
immunotherapy. We also believe that PLGA-based NP will
be developed further to enable treatment and diagnosis of
a variety of other diseases besides cancer. Therefore, our
predictions are that PLGA-related NP technology should play
increasingly more important and mainstream roles in tissue
engineering and in other emerging areas such as stem cell
research.
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[58] R. Dı́az-López, N. Tsapis, M. Santin et al., “The performance
of PEGylated nanocapsules of perfluorooctyl bromide as an
ultrasound contrast agent,” Biomaterials, vol. 31, no. 7, pp.
1723–1731, 2010.

[59] H. Maeda, “The enhanced permeability and retention (EPR)
effect in tumor vasculature: the key role of tumor-selective
macromolecular drug targeting,” Advances in Enzyme Regula-
tion, vol. 41, pp. 189–207, 2001.



20 Journal of Drug Delivery
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Microemulsions (MEs) were designed by an innovative rational development, characterized, and used to load up to 20 mM of
Tamoxifen citrate (TMX). They were made with acceptable and well-characterized excipients for all the routes of administration.
Some of their properties, such as nanometric mean size and long stability shelf life, make them interesting drug delivery systems.
The results obtained after the in vitro inhibition of estradiol-induced proliferation in MCF-7 breast cancer cells demonstrated a
significant effect in cell growth. A decreasing of at least 90% in viable cells was shown after the incubation with MEs containing
20 mM of TMX. Besides, two compositions which loaded 10 mM of drug showed a cytotoxic effect higher than 70%. These results
encourage the evaluation of alternative protocols for this drug administration, not only for estrogen receptor (ER) positive tumors,
but also for ER negative.

1. Introduction

One of the major problems facing cancer therapy is adminis-
tering the required therapeutic concentration of the drug at
the tumor site for the desired period of time. Targeted drug
delivery to solid tumors is necessary in order to achieve opti-
mum therapeutic outcomes. It would, therefore, be desirable
to develop chemotherapeutics that can either passively or
actively target cancerous cells. Passive targeting exploits the
characteristic features of tumor biology that allow nanocarri-
ers to accumulate in the tumor by the enhanced permeability
and retention (EPR) effect [1]. Whereas free drugs may
diffuse nonspecifically, a nanocarrier can extravasate into
the tumor tissues via the leaky vessels by the EPR effect.
The dysfunctional lymphatic drainage in tumors retains the
accumulated nanocarriers. Particles with diameter <200 nm
resulted in the most effective ones [2, 3].

Microemulsions (MEs) are extensively studied nanocar-
riers; they are defined as a system of water, oil, and amphi-
phile which is a single optically isotropic and thermodynami-

cally stable liquid solution. Their structure consists in micro-
domains of lipids or water stabilized by an interfacial film of
surfactant and cosurfactant molecules. They can be classified
as oil in water (o/w) or water in oil (w/o) and the droplet
size is lower than 150 nanometers. They present a number
of advantages as drug delivery system, such as the ability
to solubilize hydrophobic drugs, spontaneous assemble,
long-term physical stability, and ease of manufacturing
[4]. They presented successful results for all administration
routes. There have also been of an increasing interest for
their administration via the parenteral route [5, 6], due to the
number of acceptable excipients available nowadays [7, 8].

Tamoxifen citrate (TMX) (Figure 1), is an antiestrogen,
nonsteroidal derivative of triphenylethylene with poor water
solubility [9], that is widely used in hormone therapy
and breast cancer prevention even in an advanced stage.
Its use is especially indicated for postmenopausal women
who have estrogen-receptor- (ER-) positive breast cancer.
It is an estradiol competitive inhibitor for the estrogen
receptor. It inhibits proliferation by arresting the cell cycle
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Figure 1: Chemical structure of tamoxifen citrate.

and induces breast cancer cells apoptosis [6, 10, 11]. It is also
thought to induce a tumoricidal effect on estrogen receptor-
negative cells by increasing the secretion of inhibitory growth
factors. Recent reports have shown that TMX may possess
antiangiogenic activity through its antiestrogenic effects [1].

TMX is administered by oral route in dose ranges from
20 to 40 mg a day, but up to 200 mg a day has been reported
[12]. Regarding pharmacokinetics, its oral bioavailability is
affected by the first pass effect and is a substrate for some
protein families that mediate toxic compounds efflux outside
the organism [13]; it also presents vulnerability to enzymatic
degradation in both intestine and liver. Following long-term
therapy, TMX has some major side effects, including higher
incidence of endometrial cancer, liver cancer, thromboem-
bolic disorders, and development of drug resistance [1].

To address the challenges of targeting tumors with nano-
technology, it is necessary to combine the rational design of
nanocarriers with the fundamental understanding of tumor
biology. It is to remark that an increasing number of na-
novectors are currently being tested for breast cancer treat-
ment, including liposomes and albumin-bound paclitaxel as
examples [14].

Because of the above-mentioned reasons, TMX repre-
sents a promising lipophilic model drug either for oral or
parenteral administration using MEs as passive targeting
drug delivery system. Therefore, an alternative protocol for
oral, IM, or IV administration in breast cancer or in ER-
negative tumors would be evaluated taking advantage of ME
properties [15].

The aim of the present work was to design and char-
acterize o/w MEs composed by pharmaceutically accepted
excipients for TMX delivery. They would be further proposed
for alternative protocols of oral or parenteral administration.
The biological behavior of the selected compositions for
passive targeting drug delivery was also evaluated in MCF-
7 human breast cancer cell line.

2. Materials and Methods

2.1. Material. Phosphatidylcholine (PC, Phospholipon
90 NG) was purchased from Phospholipid, Germany; Pol-
yoxyethylene Sorbitan Monooleate (Polysorbate 80, PS 80)
was from Fisher Chemicals, NJ, USA; Tamoxifen citrate
was from Saporiti S.A., Buenos Aires, Argentina; ethanol

was bought at J. T. Baker, USA; Capmul MCM L (glycerol
monocaprylocaprate) and Captex 355 (caprylic/capric Tri-
glyceride) were purchased from Abitec, Columbus, USA.
Estradiol was from Sigma Aldrich. St. Louis, MO, USA.
Imwitor 408 (propylene glycol caprylate) and Myiglyol 840
(propylene glycol dicaprylate/dicaprate) were from Sasol,
Witten, Germany. Oleic acid and Isopropyl mirystate were
from Merck, Germany. Propylene-glycol and polyethylene
glycol 400 were bought at BASF, NJ, USA. Labrafil M 1944 CS
(oleoyl macrogolglycerides (polyoxylglycerides) and Tran-
scutol P (diethylene glycol monoethyl ether) were purchased
from Gatefossé, France. All reagents were of analytical grade.
Distilled water was obtained from a Milli-Q equipment.

2.2. Preliminary Solubility Evaluation for the Screening of
Components. PS 80 was selected as surfactant model because
it is listed as a generally recognized as safe (GRAS) excipient.
In addition, it is extensively used for different ways of
administration, including the parenteral route [16], and for
microemulsions’ preparation [8].

The solubility of TMX in a number of excipients was esti-
mated. They were Isopropyl myristate (IPM), Mygliol 840,
Captex 355, Oleic acid, Imwitor 408, phosphatidylcholine
(PC) and Capmul MCM L. PC is solid at room temperature,
so a suspension was prepared (being 16% m/v the maximum
concentration tested). These oils are widely used as no polar
phases for ME formulation [17, 18]. PC has also been used
for the formulation of parenteral MEs [19].

Regarding cosurfactants, five compounds were tested:
Ethanol, Polyethilenglycol 400 (PEG 400), Transcutol P,
Labrafil 1944 CS, and Propylenglycol (PG). All of them are
included in the FDA inactive ingredients guide.

To determine the drug solubility of TMX in excipients,
drug in excess was added until turbidity was reached. Then,
the samples were left to equilibrate using a Rotating Bottle
apparatus (Varian, USA) at 5 RPM. If the solution was clear
after rotation for a short time, a more active compound
was added. Otherwise, the sample was left to equilibrate
for 72 hours and it was, then, filtered using 0.45 µm PVDF
membranes (Pall life sciences, USA). The filtered sample was
analyzed by HPLC.

Quantitative determinations of TMX were performed
using a Shimadzu Class VP HPLC. The chromatographic
conditions were: column Zorbax Eclipse XDB Phenyl with
detection at 254 nm; temperature was fixed at 35◦C. The
mobile phase was constituted by methanol (1000 mL),
water (320 mL), acetic acid glacial (2 mL), octansulphonate
(1.08 g), and triethylamine (1 mL).

These same conditions were also used for the determi-
nation of solubilizing capacity shown by formulations. All
experiments with TMX were carried out using amber glass
material due to drug photosensitivity.

2.3. Preliminary Cytotoxicity Assay. Although nonionic sur-
factants are considered less toxic than ionic surfactants, they
are often reported as responsible for a number of adverse
effects [20]. This is the main issue that pharmaceutical design
has to overcome when formulating MEs, because high levels
of surfactants are sometimes needed.
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To assess the extent in which PS 80 could affect cell
viability, a cytotoxicity assay using different concentrations
was performed (5, 10, 20, and 25% m/v). The five co-
surfactants in solutions of 35% m/v and the seven lipids in
suspensions of 4% and 16% m/v were also evaluated.

For cytotoxicity studies, cells were seeded in clear 96-well
plates (Corning Costar, Fisher Scientific, USA) at a density
of 10,000 cells/well. After 24 hours, 5 µL of the samples were
added in 200 µL of medium. Cells were incubated at 37◦C
for 48 hours in a 5% CO2 atmosphere. Finally, the amount
of viable cells was determined using CellTiter 96 AQueous
Nonradioactive Cell Proliferation Assay (MTS), Promega.

2.4. Pseudoternary Phase Diagram Construction. Based on
solubility and preliminary cytotoxicity results, excipients
were selected to perform ME region screening. Different
amounts of PS 80 and each one of the selected co-surfactants
and oil phases were mixed using magnetic stirrer during
10 minutes. Then, water was added and samples were left
to equilibrate using a thermal bath at 37◦C (Varian, USA)
for 1 hour. The adopted criteria used for considering a
formulation as an ME was based on the visual analysis of the
compositions searching for clear, single-phase, isotropic and
low-viscous systems.

2.5. Screening and Optimization of MEs. Once the screening
was finished, a number of compositions were selected on
basis of noncytotoxic effect of their components and also
on a high TMX solubilizing capacity. After that they were
evaluated for MCF-7 cells’ survival as described above.

2.6. Preparation of TMX-Loaded MEs. TMX-loaded MEs
were prepared by weighing appropriate amounts of PS 80,
the co-surfactant, and oil phase selected according with
previous adopted criteria; gentle magnetic stirring during 10
minutes at room temperature was applied so as to obtain
homogenous samples, which were left to equilibrate using
a thermal bath at 37◦C (Varian, USA) for 1 hour. Next,
three different amounts of TMX were added and dissolved
with magnetic stirring. Finally, the corresponding amount of
water for each one of the selected compositions was added
under agitation at room temperature.

2.7. Physicochemical Characterization of TMX-Loaded MEs.
Density was measured using a Mettler Toledo 30 px. Formu-
lation of pH was determined with a pHmeter Mettler Toledo
seven easy. Conductivity was assessed using an Accumet
research AR20 at 25◦C; for rheological measurements a
Brookfield DV-III Ultra at 25◦C was used. Polarization
microscopy was performed using an Olympus BH micro-
scope [21].

Droplet size was analyzed with a Nanozetasizer ZS, Mal-
vern Instruments, UK. Samples were not diluted to carry out
the measurements and assays were performed at 25◦C. The
polydispersity index indicates the size distribution within
a ME population. The z potential of the formulations was
determined using the same equipment (Nanozetasizer ZS,
Malvern Instruments, UK). Samples of the formulation were

placed in the electrophoretic cell, where an electric field of
about 15 V/cm was applied. The electrophoretic mobility
measured was converted into z potential using the Smolu-
chowski equation.

The morphology of MEs was studied using transmission
electron microscopy (TEM). The MEs were first diluted in
water (1 : 40), a sample drop was placed onto a grid covered
with Formvar film and the excess was drawn off with a filter
paper. Samples were subsequently stained with uranyl acetate
solution for 30 s. Samples were finally dried in a closed
container with silica gel and analyzed. The droplet diameter
was estimated using a calibrated scale.

Chemical stability was performed using the HPLC equip-
ment described for solubility assays (Shimadzu Class VP
HPLC), and the chromatographic conditions were also the
same. For short time stability studies, samples were left on
the bench at room temperature for a month and, then,
were reanalyzed. Direct observation of the formulations was
used to evaluate drug precipitation or other physical change
during the evaluation period.

The objective of thermodynamic stability is to evaluate
the phase separation and effect of temperature variation on
MEs formulation. All the MEs prepared were centrifuged
(Eppendorf Centrifuge 5810) at 15,000 rpm for 15 min,
and then they were observed visually for phase separation.
Formulations that did not show any sign of phase separation
after centrifugation were subjected to freeze thaw cycle. In
a freeze thaw study, TMX MEs were evaluated for two freeze
thaw cycles between (−20◦C and +25◦C) with storage at each
temperature for not less than 4 h [22].

2.8. Cell Culture Conditions. MCF-7 human breast cancer
cell line was obtained from the American Type Culture
Collection (ATCC) (Rockville, MD, USA). Cells were main-
tained in Dulbecco’s minimum essential medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 50 µg/mL
gentamycine (Invitrogen Argentina), and 2 mM L-glutamine
(Invitrogen Argentina). Cells were cultured in 75 cm2 culture
flasks at 37◦C in a humidified atmosphere of 5% CO2.

2.9. Cytotoxicity and In Vitro Performance of the Selected
TMX-Loaded MEs. For in vitro performance studies, cells
were seeded in 96-well plates at a density of 5,000 cells/well.
After 24 hours, medium was replaced by phenol-red-free
media containing 2 mM L-glutamine for 24 hours. To
analyze effects of selected TMX-loaded formulations, cells
were subsequently incubated with estradiol 10 nM and the
TMX-loaded MEs; in parallel, a TMX suspension containing
10 mM of drug in presence and in absence of estradiol was
also evaluated. Cells were incubated further for 48 hours and
then cell viability was assessed by the cell proliferation assay
(MTS).

2.10. Statistical Analysis. Statistical calculations were per-
formed with the GraphPad InStat statistical package for
Windows. Data shown in tables and figures of in vitro prop-
erties evaluation represent mean of three determinations
± standard deviation (SD). Statistical significance of the
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Figure 2: (a) Solubility of Tamoxifen citrate in oil phases (expressed
in mg/g). Each bar represents the mean of three samples ± SD. (b)
Solubility of Tamoxifen Citrate in Polysorbate 80 and cosurfactants
(expressed in mg/g). Each bar represents the mean of three samples
± SD.

differences between the groups was calculated by the Tukey-
Kramer multiple comparison test and probability value
of P smaller than 0.05 indicated a statistically significant
difference.

3. Results and Discussion

3.1. Preliminary Solubility Evaluation. TMX resulted almost
insoluble in IPM, Mygliol 840, Captex 355, Oleic acid,
and Imwitor 408 and showed solubility near 20 mg/g in
the PC suspension and in Capmul MCM L (Figure 2(a)).
Therefore, only PC and Capmul MCM L were selected for the
forthcoming screening. The selection of the oily phase is very
important because the drug solubility in the formulation
depends mainly on it [23, 24]. So, this property results,
fundamental in the search for high solubilizing capacity
systems.

Lipid solubility values found in this work are in accord-
ance with previous studies and significantly higher compared
to other lipids not considered in this study [25]. They also

were significantly higher than TMX solubility in water
(≈20 mg/mL and ≈0.4 µg/mL, resp.). Furthermore, the high
solubility in PC is in accordance with previous works [26],
which stated that active compounds with an intermediate
lipophilicity (Log P of 4.0 and above, being 7.9 the value
of the Tamoxifen) have a high tendency to be solubilized by
phospholipids.

Solubility of TMX in the five co-surfactants and in PS
80 is depicted in Figure 2(b). The highest solubilizing ca-
pacity was achieved with PG and ethanol; therefore, both
compounds were selected to act as coemulsifiers in the forth-
coming ME screening. However, TMX showed a considerable
solubility in PEG 400 and Transcutol P, but it resulted
significantly lower than the selected compounds (P < 0.05).
Finally, Labrafil 1944 CS was discarded because it was the co-
surfactant with the lowest drug solubilizing capacity.

Solubility of TMX in PS 80 was around 5 mg/g; however,
it is expected that these results slightly impact on the final
therapeutic agent solubilization. The most important factor
that contributes to the final ME solubilizing capacity in
poorly water soluble drugs is the solubility in the lipid
internal phase [26].

3.2. Preliminary Cytotoxicity Study. In order to avoid inter-
ference when testing selected vehicles for in vitro perfor-
mance, a preliminary cytotoxicity experiment on the MCF-7
cancer cell line was performed.

As it can be observed in Figure 3(a), only samples con-
taining 5% m/v of PS 80 exhibited low cytotoxicity; higher
concentrations than 5% m/v showed a percentage of cell
viability after treatment lower than 50%. Therefore, it can
be concluded that formulations containing PS 80 at concen-
trations above 5% would be toxic to the cells. Because of
it, false-positive results could be addressed when evaluating
their in vitro performance. As a result of the preliminary
surfactant cytotoxicity experiments and in order to avoid
excipient related effects on the cells, final formulations have
been diluted prior to their in vitro performance evaluation.
Oleic acid was the only no polar phase associated with cyto-
toxicity effect at both assayed concentrations (Figure 3(b)).
Labrafil CS was the only cosurfactant which showed that
inconvenience.

3.3. Screening and Optimization of MEs. Based on solu-
bility and cytotoxicity results, the following excipients were
selected to perform the preliminary microemulsion screen-
ing: PS 80 as surfactant, ethanol, and PG as co-surfactants
and PC and Capmul MCM L as the oil phases.

Once the screening was finished, a number of com-
positions which resulted to be isotropic were selected and
are shown in Table 1. The selection included compositions
with a relative proportion of PS 80 lower than 20%, relative
concentrations of each one of the oil phases between 8 and
16%; the level of the co-surfactants was fixed in 25%. None of
these compositions containing PG as cosurfactant, matched
the adopted criterion for considering ME system and they
were discarded for the next step of selection.

In relation to Capmul MCM L, promising results were
observed in agreement with other authors; as it has been
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Table 1: Composition of the selected microemulsions after the screening of excipients.

Formula Polysorbate 80 (%) PC (%) Capmul MCM L Propylene glycol (%) Ethanol (%) Water (%)

1 20 8 25 47

2 20 12 25 43

3 20 16 25 39

4 15 8 25 52

5 15 12 25 48

6 20 8 25 47

7 20 12 25 43

8 20 16 25 39

9 15 8 25 52

10 15 12 25 48

11 20 8 25 47

12 20 12 25 43

13 20 16 25 39

14 15 8 25 52

15 15 12 25 48
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Figure 3: (a) Cell viability of MCF-7 breast cancer cells incubated
at 37◦C for 48 hrs with Polysorbate 80 at 25, 20, 10, and 5% m/v,
respectively. Each bar represents the mean of three samples ± SD.
(b) Cell viability of MCF-7 breast cancer cells incubated at 37◦C for
48 hrs with suspensions of 4% and 16% of each one of the selected
lipids. Each bar represents the mean of three samples ± SD.

recorded medium chain monoglycerides are known for their
ease of emulsification when compared to fixed oils or long-
chain fatty acids [5, 18]. They also exhibit good solubilizing
capacity. However, this oil phase could not be forthcoming
evaluated in MEs’ selection because of the high cytotoxicity
exhibited in cell cultures. Formulations containing Capmul
MCM L as oil phase were highly cytotoxic even though they
were diluted to avoid surfactant toxicity and that the lipid
alone did not show that property (Figures 4(a) and 4(b)). In
this case, cytotoxicity may be due to the effect of the lipid on
cells when delivered by ME. For this reason, MEs containing
Capmul MCM L were discarded for the in vitro inhibition
of proliferation experiments and their pseudoternary phase
diagrams are not shown.

At this stage of the work, only MEs containing PC, etha-
nol, and PS 80 were selected. For their pseudoternary phase
diagrams construction, two different surfactant/co sur-
factant ratios: 0.8 and 0.6 were considered (Figures 5(a) and
5(b)). Outside the isotropic systems areas, coarse emulsions
or gel-like structures were found for both studied surfac-
tant/cosurfactant ratios. MEs were found down to a water
concentration of 5% in both cases and up to 75% for the
systems containing a higher surfactant level (0.8 ratio) and
65% for the one with lower surfactant level (0.6 ratio).
Therefore, the higher level of surfactant did not significantly
affect the total area covered by isotropic systems in the
pseudoternary diagrams. After this, the study of ME region
was carried out again with the formulations containing
4 mM of drug, so as to evaluate if there were significant
changes in ME regions. No significant changes in ME regions
were observed in both Pseudoternary phase diagram using
MEs containing 4 mM of TMX.

This way of research, in which cytotoxicity evaluation is
done during the pharmaceutical development process, may
result at last, in biological findings more representative; and
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Figure 4: (a) Cell viability of MCF-7 breast cancer cells incubated
at 37◦C for 48 hrs with selected microemulsions N◦ 1 to N◦ 5, after a
dilution (1 : 5) and without dilution. Each bar represents the mean
of three samples ± SD. (b) Cell viability of MCF-7 breast cancer
cells incubated at 37◦C for 48 hrs with selected microemulsions N◦

6 to N◦ 15 after 1 : 5 dilution. Each bar represents the mean of three
samples ± SD.

additionally in a shorter period of time. It is remarkable
that Cavalli et al. have recently reported that sometimes the
results are partially affected by the conditions of culture
medium, as the use of Dimethyl sulfoxide (DMSO) in
cytotoxicity assays, for example [27].

3.4. Preparation and Solubility Evaluation of Selected MEs
Containing TMX. Results are shown in Figure 6 and as
it can be observed, there is a synergic effect regarding
drug solubility in the MEs compared to the solubility in
the isolated excipients. This means that, in some cases,
the difference observed for solubilizing capacity is tenfold
higher.

Taking into account the composition of the MEs, the
solubility seems to increase with the raise in the lipid phase
content. Thus, the higher the surfactant percentage for
the same lipid level, the higher the solubility in the ME.
Considering TMX water solubility (≈0.4 µg/mL) [28–30],
these systems represent an improvement of around 150000
fold for vehicle 4, which exhibited a solubility of 60 mg/g.

3.5. Physicochemical Characterization. A significant lowering
effect of approximately 1.5 points in pH values was observed
when TMX was added. Conductivity values obtained for the
selected compositions correspond to those of o/w MEs [31,
32].

The low viscosity values are representative for MEs
(Table 2). The differences observed for viscosity values might
be the result of the interaction between ME droplets in
oil/water systems. It is expected that PS 80 hydrophilic chains
are strongly hydrated and connected with hydrogen bonds;
this allows the interaction between the droplets, thus raising
the viscosity values [33]. It is also to remark that the higher
PC concentrations in the compositions, the higher viscosity
was observed.

All selected formulations were nonbirefringent when
analyzed with the polarized microscope, confirming their
isotropy. It was concluded that MEs were not electrically
charged (z potential equal to 0 mV) due to their ionic char-
acteristics and dipolar attributes.

Since ME formation process is generally a random stir-
ring process; the resulting delivery system may result in a
polydispersed system in which different droplet sizes can
coexist. This information is extremely valuable in practice
because both stability and viscosity depend on the drop
size distribution [34]. The later in vivo or in vitro behavior
depends on this property as well [35]. Results shown in
Table 3 are in the typical range for a ME composition with
a narrow range of polydispersion as the polydispersity index
(PDI) shown [7]. TEM images also confirmed this size
distribution (Figure 7) for blank ME N◦ 2. The addition
of TMX did not significantly change droplet size of for-
mulations comparing with empty ones, even at the highest
TMX (20 mM). This is an interesting advantage for the
selected compositions, because the loading of a lipophilic
active compound could result in an increase in the droplet
size and, eventually, could compromise the system physical
stability [35].

A short stability testing was carried out with selected
formulations. For this purpose, TMX 10 mM was loaded
in order to achieve a final concentration of approximately
5.10–4 M in the culture media as the higher dose, accord-
ing to literature data [36]. Results demonstrated that all
formulations showed a 100 ± 2% of the initial content
after a month of observation. Obtained values confirm
the total solubilization of the drug and absence of rapid
degradation (data not shown). Regarding physicochemical
values, no significant changes in the values measured at
the beginning of the study were obtained after the studied
period. No precipitation or change in appearance was
observed by direct visual observation. None of the fifteen ME
formulations has shown any sign of in-stabilization during
the thermodynamic stability tests carried out.

3.6. In Vitro Performance of Selected MEs. As a preliminary
experiment, the five empty MEs were cultured to assess
if they have any effect on cell proliferation in presence of
10 nM of estradiol. Two controls were also included: one
adding estradiol (10 nM) to the cells in order to determine its
proliferation effect and the other containing only the cells. As



Journal of Drug Delivery 7

Transparent systems region

Water PC

Polysorbate 80/ethanol = 0.8

(a)

Transparent systems region

Water PC

Polysorbate 80/ethanol = 0.6

(b)

Figure 5: Pseudoternary phase diagrams of the selected formulations (Ratios Polysorbate 80: ethanol 0.8 and 0.6, resp.).

Table 2: Physicochemical parameters measured in the selected microemulsions. Data are expressed as mean ± SD (n = 3).

Formula
Viscosity (mPa·s)

Empty ME
pH

(Empty ME)
pH

(Loaded ME)
Conductivity (uS/cm)

Empty ME
Density (g/mL)

Empty ME

1 45.7± 1.8 6.11± 0.02 4.62± 0.02 71.1± 0.9 1.00± 0.01

2 59.4± 4.3 6.09± 0.01 4.62± 0.02 40.7± 1.1 0.98± 0.01

3 79.3± 7.7 5.96± 0.02 4.67± 0.01 65.2± 1.6 0.99± 0.01

4 21.2± 2.3 6.15± 0.02 4.54± 0.01 42.6± 0.8 0.99± 0.01

5 29.9± 2.2 6.00± 0.05 4.61± 0.02 40.2± 1.1 0.97± 0.01
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Figure 6: Solubility of Tamoxifen citrate in the selected vehicles.
Each bar represents the mean of three samples ± SD (standard
deviation for n = 3).

it is shown in Figure 8, none of the empty ME showed effects
per se over the MCF-7 cell line; it can be observed, instead,
the proliferative effect of estradiol on MCF-7 cell line. Results
confirmed that the dilution adopted was not cytotoxic.

The five selected formulations were loaded with the
following TMX concentrations, 11 mg/g (20 mM), 5.5 mg/g
(10 mM) and 2.2 mg/g (4 mM); it is important to remark that

100 nm

0 0 2 8 4 6

Figure 7: TEM photograph of Formulation 2 (×100000; dilution
1 : 40).

the in vitro performance of selected MEs was carried out in a
culture media containing estradiol 10 nM.

The percentage of cellular viability of MCF-7 cells fol-
lowing inoculation of the above-mentioned TMX concen-
trations is illustrated in Figure 8. There was a significant
decrease in cell growth for all formulations containing the
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Table 3: Mean droplet size for selected empty and loaded microemulsions. PdI: polydispersity index.

Formula Droplet size (nm) Empty ME pdI Droplet size (nm) Loaded ME pdI

1 5.72 0.344 6.04 0.407

2 5.37 0.237 6.04 0.297

3 5.41 0.256 4.97 0.174

4 9.54 0.365 9.62 0.368

5 8.43 0.389 8.33 0.210
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Figure 8: Cell viability of MCF-7 breast cancer cells incubated with
empty microemulsions and formulations containing Tamoxifen
citrate in the following concentrations: 11 mg/g (20 mM), 5.5 mg/g
(10 mM), 2.2 mg/g (4 mM). Each bar represents the mean of three
samples ± SD.

highest concentration of TMX. The viable cell percentages
after treatment were around 30 to 40% in all cases, that is, at
least 90% less of viable cells than the empty compositions;
ME N◦ 4 was the one which shown the highest cytotoxic
effect. The same behavior was shown by the formulations
1 and 4 with the intermediate concentration of drug; in
these cases the differences shown were 75% and 90%,
respectively.

This cytotoxic effect was not observed when formulations
N◦ 1, 3, and 5 were loaded with 4 mM of TMX. But it is to
remark that both ME N◦ 2 and ME N◦ 4 showed a signif-
icant lower number in viable cells when loading this drug
concentration. Additionally, it is worth noting that formulas
1, 4, and 5 showed a dose dependent effect. Formulations 2
and 3 did not show significant differences between the effect
exerted by 10 mM and the 4 mM TMX concentrations. The
TMX suspension was not able to significantly decrease the
number of viable cells in any cell culture condition (data not
shown).

Even though TMX mechanism of action has not been
completely elicited, it was reported that it acts primarily
through estrogen receptors (ERs) by modulation of gene
expression that finally leads to cell cycle arrest. However,
it has been informed that at higher concentrations could
induce breast cancer cell apoptosis [36]. This is an ER
independent and nongenomic effect; it was found in ER
negative breast cancer cells and other cell types such as
malignant gliomas, pancreatic carcinomas, and melanomas.

On the other hand, estradiol has an antiapoptotic influence
in both, ER positive and negative cells, in addition to its
proliferative effect on ER positive cells; the antiapoptotic
effect has also been reported in MCF-7 breast cancer cell line
[37].

From the results obtained in cell cultures, it might con-
clude that all the compositions containing 20 mM of TMX
showed an important cytotoxic effect. This phenomenon
would be related with the induction of cellular apoptosis
described above; the effect was also observed in ME N◦ 1 and
4 containing 10 mM TMX.

The % of viable cells observed would indicate that seven
of the fifteen assayed compositions were able to solubilize
an enough amount of TMX capable to show a modification
in the apoptosis cellular induction. It is also interesting to
remark that this phenomenon is observed in presence of the
above demonstrated proliferative effect of estradiol.

It can be concluded that formulations 1 and 4 had the
best in vitro performance because they were able to show
an important antiproliferative effect even when they were
loading the intermediate dose.

Another interesting observation to point out is that
formulation 3 showed the highest percentage of cell viability
at any TMX concentration; this formula is the one which
has the highest PC (16%) concentration. Previous reports
showed that PC content is increased in cancer cells and have
an important role in their proliferation [38, 39]. So, it is
expected that this stimulation on cell proliferation can be
attributed to the levels of PC. This observation and the mech-
anism described above suggest that the proposed MEs would
present a high cellular uptake; anyway, PC proliferation
effect has to be considered in further pharmacotherapeutic
evaluation.

The obtained MEs are promising in the current state
of increasing interest for nanocarriers that can be used for
TMX delivery. For example, Chawla and Amiji, examined
biodegradable polymeric nanoparticles uptake and distri-
bution in MCF-7 breast cancer cell line. They compared
TMX intracellular concentration when delivered by the
nanoparticles and in solution, and they found that the
drug uptake from the nanoparticles followed a saturable
transport. Therefore, above certain concentration, TMX
intracellular concentration was much higher when delivered
by the solution [1]. On the contrary, MEs designed in this
work did not show signs of limited transport in none of
the selected drug concentrations. Besides, it is expected that
MEs can improve drug cellular uptake not even for a better
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drug solubilizing capacity but also for the improvement
in biopharmaceutical parameters that have been extensively
described for them [4, 7, 8, 13, 15, 17, 18].

Al Haj et al. evaluated TMX-loaded solid lipid nanopar-
ticles for parenteral administration, and, though promising,
these systems required a sophisticated preparation method
because they were elaborated by high pressure homogeniza-
tion technique [40]. Instead of this, the ease of preparation is
a common ME characteristic.

Tagne et al. evaluated a nanoemulsion containing TMX
that has a significantly better in vitro performance reducing
cell proliferation when compared to a TMX-loaded sus-
pension. However, they have used a concentration of TMX
equal to 3 × 10−5 M for all the cell culture treatments,
while our MEs were able to solubilize more than 100-
fold higher of TMX [6]. These authors claimed for an
important cellular uptake because of the nanometric sizes of
the nanoemulsions. Similar results could be expected with
our formulations but the in vivo therapeutic parameters
would be improved because of the drug concentration
achieved.

Another important difference between both works is
the technique of preparation. They used a microfluidizer
processor which provides a resultant high shear rate by accel-
erating the product through microchannels to a high velocity
for size reduction to the nanoscale range. They previously
prepared a suspension of TMX and then the mixture was
homogenized. On the contrary, MEs involve a spontaneous
process of formation for a defined composition and the
selection of the composition is searched through a screening
of components. As a result of these two different techniques
they found a negative z potential while we observed no
charges on the droplets’ layers. Another consequence was
that they obtained a bimodal distribution of mean droplet
sizes; on the contrary, we observed a more uniform dis-
tribution. In conclusion, the above-mentioned differences
are in relation with the fact that Tagne et al. have prepared
nanoemulsions, while our work deals on MEs; it is very clear
in literature the differences between them independently that
they could have similar compositions and mean droplet size
[4, 8, 41].

More recently, the electrospray technique was proposed
to produce TMX-loaded poly(amidoamine)-cholesterol con-
jugate nanoparticles in powder form without any excipient
in a single step. Spite of this, the nanoparticles showed sizes
higher than 200 nm and a drug loading of about 40% [27].

It is also necessary to remark that the cell culture
experiments were carried out with no reagent addition;
this is a very important issue because previous report [27,
42] found that MCF7 cells are highly sensitive towards
DMSO. Indeed, volumes equal to or higher than 2 µL (2%
v/v) result in a cytotoxic effect that partially overlaps the
one observed in cells treated with free TMX diluted in
DMSO. Therefore, this “background” cytotoxicity leads to
an overestimation of the free TMX activity. On the contrary,
every step done in this work during the development of the
experimental design was adjusted so as to strictly evaluate
the in vitro behavior showed by each one of the selected
compositions.

4. Conclusion

The present work describes a novel interdisciplinary rational
screening for a ME composition, its optimization, and
the corresponding in vitro performance evaluation on
MCF-7 breast cancer cell line. The development included
physicochemical properties evaluation and drug solubility
in selected formulations. The experimental design began
with the proposal of extensively studied excipients for the
screening, after that, the first criterion adopted for excipient
selection was based on solubilizing capacity; then cytotoxic
was evaluated. The final criterion of selection was the ability
to form MEs shown by each one of the excipients.

It is our opinion that this design layout allows a faster
optimization of MEs composition. The drug-loading capac-
ity was investigated using TMX, a poorly water soluble an-
tineoplastic drug, as an active compound model. Non-
adherence to oral medication is an increasingly recognized
concern in the care of cancer patients and considering that
every year, hundreds of thousands of women worldwide are
recommended to take TMX for 5 years; a different protocol
of treatment would be evaluated. Not only other oral
administration protocol but also an IM or IV formulation
can finally be proposed after the in vivo experiments. In
addition, some other ER-negative cancers, which have also
shown to be sensitive to TMX may be further evaluated with
MEs’ containing different pharmacological doses. Thus, a
more efficient drug release profile would potentially prevent
the development of cancer cell resistance.

Consequently, these MEs result in a promising alter-
native for further in vivo evaluation. Finally, Peer et al.
mentioned that for rapid and effective clinical translation,
the nanocarriers should present some characteristics that
these ones do exhibit [2]. They are made with biocompatible,
well-characterized, and easily functionalized excipients; they
are both soluble and colloidal dosage forms under aqueous
conditions which are related to increased effectiveness. And
they have a low rate of aggregation and a long shelf life. They
would also exhibit differential uptake efficiency in the target
cells over normal cells because they show passive targeting.
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Most anticancer drugs are greatly limited by the serious side effects that they cause. Doxorubicin (DOX) is an antineoplastic
agent, commonly used against breast cancer. However, it may lead to irreversible cardiotoxicity, which could even result in
congestive heart failure. In order to avoid these harmful side effects to the patients and to improve the therapeutic efficacy of
doxorubicin, we developed DOX-loaded polyethylenimine- (PEI-) enhanced human serum albumin (HSA) nanoparticles. The
formed nanoparticles were ∼137 nm in size with a surface zeta potential of ∼+15 mV, prepared using 20 µg of PEI added per
mg of HSA. Cytotoxicity was not observed with empty PEI-enhanced HSA nanoparticles, formed with low-molecular weight
(25 kDa) PEI, indicating biocompatibility and safety of the nanoparticle formulation. Under optimized transfection conditions,
approximately 80% of cells were transfected with HSA nanoparticles containing tetramethylrhodamine-conjugated bovine serum
albumin. Conclusively, PEI-enhanced HSA nanoparticles show potential for developing into an effective carrier for anticancer
drugs.

1. Introduction

Doxorubicin (Adriamycin) is a commonly used anti-cancer
drug. It is most often used against breast and esophageal
carcinomas, osteosarcoma and soft-tissue sarcomas, and
Hodgkin’s and non-Hodgkin’s lymphomas [1]. The effective-
ness of doxorubicin (DOX) in treating various types of can-
cers is greatly limited by the serious side effects caused by the
drug. The initial side effects caused as a result of DOX admin-
istration include less serious symptoms, such as nausea, vom-
iting, myelosuppression, and arrhythmia, which are usually
reversible [1]. However, DOX-associated cardiomyopathy
and congestive heart failure have raised grave concern among
health practitioners [2]. A widely researched approach of
increasing the efficacy, while lowering the deleterious side
effects caused by anti-cancer agents such as doxorubicin, is of
developing nanoparticle-based drug delivery systems [3–5].

Various kinds of nanoparticles have been studied for
the delivery of DOX, which include poly(butylcyanoacrylate)
[6], poly(isohexylcyanoacrylate) [7], poly(lactic-co-glycolic

acid [8], chitosan [9], gelatine [10], and liposomes [11]).
In addition, Dreis et al. employed human serum albumin
(HSA) nanoparticles of a size range between 150 and
500 nm to deliver DOX to a neuroblastoma cell line [3].
These nanoparticles showed a loading efficiency of 70–95%
and an increased anti-cancer effect as compared to free
DOX. The endogenous HSA serves as a suitable material
for nanoparticle formation as albumin is naturally found
in the blood and is thus easily degraded, nontoxic, and
nonimmunogenic [12]. Albumin is an acidic protein and
remains stable between pH range 4–9 and temperatures up
to 60◦C. In addition, clinical studies carried out with HSA
particle formulations, Albunex [13] and Abraxane [14], have
shown that albumin-based nanoparticles do not have any
adverse effects on the body.

Furthermore, albumin-based nanoparticle delivery sys-
tems are easily accumulated in tumor tissue due to the en-
hanced permeability and retention (EPR) effect [15–17]. The
vasculature in an active tumor is different from the vessels
found in normal tissue. The distinctive tumor vasculature
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has the following properties: hypervasculature, poorly devel-
oped vascular architecture, a defective lymphatic drainage,
and slow venous blood return [15, 16]. These characteristics
lead to the preferential accumulation and retention of mac-
romolecules and nanoparticles in the tumor tissue. There-
fore, using a nanoparticle delivery system to deliver low-
molecular-weight anti-cancer drugs will be passively targeted
to the tumour tissue through the EPR effect [17]. In addition,
studies have also suggested that accumulation of albumin-
based nanoparticles within the tumor tissue is also because
of transcytosis, which occurs by the binding of albumin
to 60-kDa glycoprotein (gp60) receptor, which then results
in the binding of gp60 with caveolin-1 and the conse-
quent formation of transcytotic vesicles [12, 18]. Taking into
consideration the factors mentioned above, HSA seems to be
a suitable material to use for nanoparticle synthe-sis.

The surface properties of nanoparticles play a vital role
in the cellular internalization of the particles. A neutrally
charged surface does not show tendency of interacting with
cell membranes, while charged groups found on nanopar-
ticles are actively involved in nanomaterial-cell interaction
[19]. Cho and Caruso found in their study of cellular inter-
nalization of gold nanoparticles that positively charged parti-
cles demonstrate greater adherence to the cell membrane and
are thus taken up by the cells more than negatively and neu-
trally charged nanoparticles [20]. Cationic nanoparticles are
shown to bind the negatively charged functional groups, such
as sialic acid, found on cell surfaces and initiate translocation
[19]. Due to the highly efficient transfection property of
positively charged nanoparticles, many nanoparticle-based
drug and gene delivery systems are positively charged. In this
study, poly(ethylenimine) (PEI), a cationic polymer, has been
used to coat the HSA nanoparticles in order to add stability
and a positive surface charge to the nanoparticles. PEI
may possess a linear or branched structure, with molecular
weight ranging between 1 and 1000 kDa [21]. Typically,
branched low-molecular-weight PEI (<25 kDa) has been
observed to result in higher cellular uptake. As shown in
our previous study, higher-molecular-weight PEI (70 kDa)
leads to more cytotoxicity than lower-molecular-weight PEI
(25 kDa) [22]. The most commonly used stabilizing agent
for the preparation of HSA nanoparticles, glutaraldehyde,
has been reported to interfere with the release of the encap-
sulated material [10, 23]. Thus, PEI is being employed as an
alternative to glutaraldehyde in the current study.

PEI has been previously used to stabilize HSA nanopar-
ticles. Initially, HSA nanoparticles stabilized using PEI were
studied as vectors for protein delivery [24]. The osteoinduc-
tive growth factor, bone morphogenetic protein-2 (BMP-2),
was encapsulated using PEI-coated albumin nanoparticles,
and results showed that the bioactivity of the BMP-2 was
retained, suggesting that the developed nanoparticles, are
promising vectors for systemic protein administration [24].
In addition, Zhang et al. showed that the encapsulation ef-
ficiency of BMP-2 using PEI-coated albumin nanoparticles
was >90% [25]. Furthermore, the efficacy of PEI-coated
albumin nanoparticles for the delivery of BMP-2 was also
confirmed in vivo with rats [26]. More recently, we showed

that PEI-coated HSA nanoparticles were promising vectors
for siRNA delivery [22].

In the current research study, the effectiveness of
DOX-loaded polyethylenimine- (PEI-) enhanced HSA
nanoparticles used against MCF-7 breast cancer cells was
investigated. We prepared the nanoparticles using an
ethanol desolvation method and characterized by measuring
particle size, surface zeta potential, and cellular uptake
[22, 27, 28]. The cytotoxicity of the developed DOX-loaded
nanoparticles was assessed in comparison to free DOX at
varying drug concentrations over different time points.
Results were promising and suggest that the study needs
to be followed up with an in vivo investigation of the
DOX-loaded PEI-enhanced HSA nanoparticles (Figure 1).

2. Materials and Methods

2.1. Materials. Human serum albumin (HSA fraction V,
purity 96–99%), 8% glutaraldehyde, and branched polyeth-
ylenimine (PEI) (MW ∼ 25,000) were purchased from
Sigma Aldrich (ON, Canada). Doxorubicin hydrochloride
was purchased from Calbiochem (Gibbstown, USA). All
other reagents were purchased from Fischer (ON, Canada).
Tetramethylrhodamine-conjugated bovine serum albumin
(BSA) was purchased from Invitrogen (ON, Canada). To
maintain the cell culture, the reagents such as fetal bo-
vine serum, trypsin, Dulbecco’s modified Eagle’s Medium
(DMEM), and Opti-MEM I Reduced Serum Medium were
obtained from Invitrogen (ON, Canada). The breast cancer
cell line, MCF-7, was purchased from ATCC (ON, Canada).
Promega Cell-Titer 96 AQueous Non-Radioactive Cell Pro-
liferation MTS Assay kit was purchased from Promega (Wis,
USA).

2.2. Cell Culture. MCF-7 cells were cultured on tissue
culture plates as per the manufacturer’s instructions. MCF-
7 cells were grown in Dulbecco’s modified Eagle’s Medium
(Invitrogen) supplemented with 10% (v/v) fetal bovine
serum (FBS) and placed in an incubator with 5% CO2 at
37◦C. The cells used in the experiments were obtained from
passages 5-6.

2.3. Preparation of DOX-Loaded PEI-Enhanced HSA Na-
noparticles. PEI-coated HSA nanoparticles were prepared at
room temperature using an ethanol desolvation technique
[22, 27–29]. In brief, 20 mg of HSA was added to 1 mL
of 10 mM NaCl (aq) under constant stirring (800 rpm) at
room temperature. The solution was stirred for 10 min.
After total dissolution, the solution was titrated to pH 8.5
with 1 N NaOH (aq) and stirred for 5 min. This aqueous
phase was desolvated by the dropwise addition of ethanol
to aqueous HSA solution under constant stirring. Ethanol
was added until the HSA solution became turbid (∼1-
2 mL). Cross-linking agent, 8% glutaraldehyde, was added to
form stable HSA particles. The obtained nanoparticles were
centrifuged three times and washed with deionized water
(dH20), followed by resuspension in an equal volume of
PBS. PEI dissolved in dH20 was added to the nanoparticle
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preparation to allow PEI to form an outer coating due to elec-
trostatic binding. For the preparation of drug-loaded HSA
nanoparticles, doxorubicin was added to 1 mL HSA solution
after pH adjustment and allowed to stir for 4 hrs, followed
by ethanol addition. To determine the drug encapsulation
efficiency, an indirect method was employed as shown by
Sebak et al. [27]. The unloaded drug was quantified by
measuring the free drug found in the supernatant of the
prepared drug-loaded nanoparticles, using a UV spectropho-
tometer. Using the amount of unloaded drug, the drug-
loaded quantity was determined (Total drug added (µg)—
free drug). The encapsulation efficiency was then calculated
using the amount of drug loaded into the nanoparticles:
amount of drug loaded (µg)/theoretical maximum drug
loading (µg) [8].

2.4. Purification of PEI-Enhanced HSA Nanoparticles. PEI-
coated HSA nanoparticles were ultracentrifuged (16500 g)
for 12 min and added to 10 mM NaCl (aq) by vortexing and
ultrasonication (Branson 2510). This method was repeated
thrice to ensure complete removal of impurities.

2.5. Determining Particle Size and Surface Zeta Potential.
The particle size and zeta potential were measured by elec-
trophoretic laser Doppler anemometry, using a zeta potential
analyzer (Brookhaven Instruments Corporation, USA). The
nanoparticles were diluted 1 : 15 with distilled water prior to
measurement [27].

2.6. Surface Characterization of PEI-Enhanced HSA Nanopar-
ticles. The size and shape of the HSA nanoparticles were
observed by transmission electron microscopy (TEM), using
Philips CM200 200 kV TEM (Markham, Canada). The
samples for TEM were prepared by ultracentrifuging the na-
noparticles and washing with distilled water, followed by air
drying the samples overnight to allow removal of moisture
[22, 27, 29].

2.7. Transfection of MCF-7 Breast Cancer Cells with PEI-
Enhanced HSA Nanoparticles. Prior to transfecting cells with
nanoparticles, cells were washed with PBS and replenished
with fresh serum-free DMEM. The PEI-coated HSA na-
noparticles were prepared using 5% of Rhodamine-tagged
HSA. The nanoparticles were purified and added to the cells.
After 8 hrs of incubation of cells at 37◦C with the nanopar-
ticles, the culture medium was replaced with fresh DMEM,
containing 10% FBS. Under the fluorescence microscope
(TE2000-U, Nikon; USA), pictures were taken to assess the
levels of transfection. The percentage of transfected cells
was calculated by using the average of the number of cells
exhibiting fluorescence under five different fields of view.

2.8. Cell Viability Assay. The number of surviving cells
was assessed using the Promega Cell-Titer 96 AQueous
Non-Radioactive Cell Proliferation MTS Assay kit. 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, (MTS), and phenazine me-
thosulfate reagents were used. Live cells reduce MTS to form

formazan, a compound soluble in tissue-culture media.
The amount of formazan is proportional to the number
of living cells and can be quantified by measuring the
absorbance of formazan, using 1420-040 Victor3 Multilabel
Counter (Perkin Elmer, USA) at 490 nm. The intensity of the
color produced by formazan indicates the viability of cells.
MCF-7 cells were seeded onto a 96-well plate (104 cells per
well) 24 hrs before treatment. Cytotoxicity was measured
at the predetermined time for each experiment using the
MTS assay which was performed as per the manufacturer’s
protocol.

2.9. TUNEL Assay. The DeadEnd Colorimetric TUNEL Sys-
tem detects DNA fragmentation (an indicator of apoptosis)
of each cell undergoing apoptosis. The fragmented ends of
DNA are labelled by a modified TUNEL (TdT-mediated
dUTP Nick-End Labeling) assay. The terminal deoxynu-
cleotidyl transferase (TdT) enzyme adds a biotinylated
nucleotide at the 3′-OH ends of DNA; the biotinylated
nucleotides are conjugated with horseradish-peroxidase-la-
belled streptavidin. The peroxidase is then detected using
its substrate, hydrogen peroxide, and the chromogen, diam-
inobenzidine (DAB). Following the manufacturer’s protocol,
the nuclei of apoptotic cells are stained brown.

3. Results and Discussion

3.1. Optimizing Coating of Cationic DOX-Loaded PEI-
Enhanced HSA Nanoparticles. The desolvation technique
used to prepare the HSA nanoparticles [22, 27, 30] is simple
to perform; the synthesized particles were consistent in size,
surface zeta potential, and morphology. The desolvation
technique involves a liquid-liquid phase separation of an
aqueous homogenous albumin solution, leading to the for-
mation of a colloidal (or coacervate) phase that contains the
nanoparticles [31]. In addition, the size of the nanoparticles
formed by this technique can be altered based upon the
various parameters of the technique, such as concentration
and pH of HSA solution, volume and rate of ethanol
addition [22, 29, 32]. In our previous research paper, we
presented that the smallest nanoparticle size was achieved
with 20 mg/mL HSA at pH 8.5 and∼1-2 mL of 100% ethanol
[22]. These parameters were kept unchanged in this study
as well. Glutaraldehyde cross-linking was carried out to
stabilize the formed HSA nanoparticles before PEI surface
coating; this also increases the drug entrapment ability of the
HSA nanoparticles [3]. The encapsulation efficiency of DOX
within PEI-enhanced HSA nanoparticles was calculated to be
∼88.24 + 2.13%.

In the current study, PEI-enhanced HSA nanoparticles
were prepared by coating the HSA nanoparticles that have
a negative surface charge with electrostatic binding to the
positively charged PEI. As HSA is an acidic protein, it
carries a negative zeta potential in ∼pH 8.5 and thus
allows the positive PEI to bind to HSA nanoparticles [12,
33, 34]. The amount of PEI used for surface coating of
the nanoparticles was optimized. Table 1 shows that as the
amount of PEI was increased, an increase in the particle size
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Figure 1: Formation of polyethylenimine- (PEI-) enhanced HSA nanoparticles.
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20 nm
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Figure 2: (a) Transmission electron microscope images of drug-loaded PEI-enhanced HSA nanoparticles. (b) Higher magnification image
of the nanoparticles.

Table 1: Effect of the amount of PEI added (µg per mg of HSA)
on the physical characteristics of drug-loaded PEI-enhanced HSA
nanoparticles prepared at pH 8.5, 20 mg/mL HSA (mean ± S.D.,
n = 3).

Amount of PEI (µg)
added per mg of HSA

Particle size (nm) Zeta potential (mV)

0 99.63 ± 6.01 −46.9 ± 5.06

10 105.6 ± 8.07 +6.14 ± 1.11

20 121.7 ± 2.78 +12.3 ± 0.18

30 137.2 ± 8.20 +17.92 ± 1.04

40 135.5 ± 4.27 +18.38 ± 3.7

was observed, and the surface zeta potential became positive.
This increase in size was gradual and could be attributed to
the addition of the PEI surface coating or slight aggregation
of the particles. The surface zeta potential increased from
approximately −47 to +18 mV, clearly indicating that the
PEI was successfully adsorbed to the nanoparticle surface.
Furthermore, results presented in Table 2 show that 8 hrs
of incubation at a stirring speed of 1000 rpm resulted in
the smallest particle size and maximum zeta potential.

Table 2: Effect of incubation time for PEI coating and stirring speed
during the desolvation step on the physical characteristics of drug-
loaded PEI-enhanced HSA nanoparticles, prepared with 20 mg/mL
HSA and 30 µg of PEI added per mg of HSA (mean ± S.D., n = 3).

Time of
incubation
with PEI (hrs)

Stirring speed
(rpm)

Particle size
(nm)

Zeta potential
(mV)

4
250 412.76 ± 12.7 8.94 ± 0.12

500 248.43 ± 1.7 7.20 ± 0.19

1000 130.47 ± 11.3 4.24 ± 0.08

8
250 362.77 ± 0.65 17.4 ± 0.36

500 218.57 ± 15.9 19.14 ± 0.51

1000 100.73 ± 3.93 18.39 ± 0.27

12
250 332.67 ± 16.2 16.13 ± 0.91

500 205.17 ± 8.16 10.99 ± 0.71

1000 111.53 ± 4.72 13.73 ± 0.36

Conditions were optimized to attain the smallest particle size
and maximum zeta potential in order to achieve the highest
cellular uptake [19]. Size dependence of cellular uptake has
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Figure 3: Cellular uptake of PEI-enhanced nanoparticles was assessed with respect to different amounts of PEI used for coating (mean± S.D.,
n = 3). PEI-enhanced HSA nanoparticles were prepared using an ethanol desolvation technique with 20 mg/mL HSA. The nanoparticles were
composed of 5% tetramethylrhodamine-conjugated BSA, and the cellular uptake was observed under a fluorescence microscope (TE2000-
U, Nikon; USA). (a) Percentage of cellular uptake with nanoparticles prepared using 0, 10, 20, and 30 µg of PEI per mg of HSA. Varying
quantities of nanoparticle preparations were added to the cells: 50, 100, and 200 µL. Fluorescence images of cellular uptake of different HSA
nanoparticle preparations, consisting of tetramethylrhodamine-conjugated BSA, are shown; (b) uncoated HSA nanoparticles, (c) 10 µg and
(d) 30 µg of PEI added per mg of HSA to form PEI-enhanced HSA nanoparticles. Corresponding bright field images are illustrated below (e,
f, and g).

been studied previously [35]. For instance, Prabha et al.
showed that smaller nanoparticles (∼70 nm) experienced
a 27-fold greater transfection than larger nanoparticles in
COS-7 cell line, with all other parameters kept constant
[35]. Similarly, surface charge of nanoparticles plays an
important role in determining their transfection efficiency
[19]. Harush-Frenkel et al. found that cationic nanoparticles
resulted in rapid internalization through a clathrin-mediated
pathway, while nanoparticles with a negative surface charge

showed less efficient cellular uptake [36]. The TEM images
shown in Figure 2 illustrate roughly spherical shape of the
formed HSA nanoparticles of approximately 100 nm of size.

3.2. Increased Cellular Uptake of PEI-Enhanced HSA Nanopar-
ticles. The cellular internalization of PEI-enhanced HSA
nanoparticles was assessed by transfecting MCF-7 breast
cancer cells with nanoparticles prepared with Rhodamine-
tagged HSA. As shown in Figure 3, images were taken using
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Figure 4: : (a) Dose-response cytotoxicity of DOX-loaded PEI-enhanced HSA nanoparticles as compared to free DOX administered to
MCF-7 breast cancer cells in log-phase culture after 48 hrs of treatment with different concentrations of DOX. (b) Time of exposure:
cytotoxicity resulting from DOX-loaded PEI-enhanced HSA nanoparticles versus free DOX over 96 hrs was measured. The concentration of
DOX administered was 1 µg/mL to MCF-7 breast cancer cells. Percentage of viable cells was assessed by an MTS assay and then compared to
untreated cells in the control wells (mean ± S.D., n = 3).

a fluorescence microscope (TE2000-U, Nikon; USA). Cell
transfection was measured with respect to the amount of PEI
added to coat the nanoparticles. It is essential to optimize
the amount of PEI used for coating the nanoparticles as
this helps determine how much of the polymer is required
to reach the maximum adsorption capacity of the surface
of the nanoparticles and their corresponding surface zeta
potential. Firstly, the lowest percentage of cell transfection
was observed with uncoated nanoparticles, which can be
attributed to the negative surface zeta potential of the
uncoated HSA nanoparticles. Based on Figure 3(a), it can be
concluded that increasing the amount of PEI, up to 20 µg
of PEI per mg of HSA, used for coating the nanoparticles
leads to an increase in cell transfection. Further increasing
the amount of PEI used for coating the nanoparticles did not
translate into higher transfection efficiency. This observation
could be explained by reaching the maximum capacity of PEI
binding with the surface of HSA nanoparticles. Figures 3(b),
3(c), and 3(d) show corresponding fluorescence images of
cellular uptake of PEI-enhanced HSA nanoparticles. The in-
crease in cell transfection due to coating the nanoparticles
with PEI is in agreement with previously published results.
Cationic nanoparticles are shown to bind the negatively
charged functional groups, such as sialic acid, found on cell
surfaces and initiate transcytosis [19]. PEI-based nanopar-
ticles have shown increased cellular uptake of siRNA. In
vivo administration of siRNA delivered using PEI-based
nanoparticles resulted in 80% decrease in the target gene
expression; however, cytotoxicity was a concern [37, 38].
Therefore, a reasonable conclusion to draw from the results
of the cell transfection experiment would be that the PEI
adsorbed to the surface of the nanoparticles aids in the
internalization of the particles.

3.3. DOX Delivery with PEI-Enhanced HSA Nanoparticles
to Kill Breast Cancer Cells. The efficacy of anti-cancer

chemotherapy is limited by the cytotoxic effect on healthy
cells due to a lack of selectivity of the drugs and poor uptake
of the therapeutics by the tumor cells [19, 39, 40]. Dox-
orubicin, a strong antineoplastic agent, has been shown to
cause irreversible cardiomyopathy, which could also lead to
congestive heart failure [1, 19, 40]. In order to overcome
this issue, many researchers have tried delivering DOX by
nanoparticles that reduce the amount of drug reaching
cardiac tissue while increasing the accumulation of the drug-
loaded nanoparticles in the tumor tissue [7, 9, 32, 41–
43]. Furthermore, by incorporating a layer of PEI on the
surface of the HSA nanoparticles, we aimed to increase their
cellular uptake in the tumor tissue. Previously, uncoated
HSA nanoparticles were studied for the delivery of DOX
to neuroblastoma cell lines. Results suggested that DOX
delivered using nanoparticles was more cytotoxic against
cancer cells as compared to free DOX. In our study, we
observed that the cytotoxicity of DOX-loaded nanoparticle
and free DOX against MCF-7 breast cancer cells was
about the same after 48 hrs as the DOX concentration
was increased, shown in Figure 4(a). However, assessing the
cytotoxicity at different time points in Figure 4(b) showed
that DOX-loaded nanoparticles led to a greater decrease in
cell viability as compared to free DOX after 144 hrs. This
observation can be explained by the slow release of DOX
from the nanoparticles. These results would be more effective
in vivo as the free drug would diffuse out of the tumor
tissue, while the nanoparticles would accumulate within the
tumor tissue due to the EPR effect and release the drug
over time. Images of treated cells after TUNEL staining
in Figures 5(a), 5(b), and 5(c) confirm that the cytotoxic
effect of DOX-loaded nanoparticles was comparable to free
DOX. Figure 5(c) shows that the cells remained healthy and
viable after the addition of PEI-enhanced HSA nanoparticles,
suggesting that the nanoparticle formulation does not have
cytotoxic effects.
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Figure 5: TUNEL assay to confirm cell death after DOX administration (24 hrs): (a) DOX-loaded PEI-enhanced HSA nanoparticles, (b) free
DOX, and (c) empty PEI-enhanced HSA nanoparticles. The concentration of DOX administered was 1 µg/mL to MCF-7 breast cancer cells
grown in a 96-well plate. The black arrows point towards cells showing TUNEL staining.

4. Conclusion

In our current study, we used modified HSA nanoparticles
by adding an outer coating of the polyethylenimine (PEI) to
improve the therapeutic index of doxorubicin against MCF-7
breast cancer cells. The nanoparticles prepared were charac-
terized based upon size and surface charge with respect to
the amount of PEI used for coating. A rise in the surface
zeta potential of the nanoparticles confirms the electrostatic
binding of PEI with the surface of HSA nanoparticles.
Different microscopic techniques were employed to observe
the shape, dispersion, and morphology of the nanoparticles.
PEI-enhanced HSA nanoparticles resulted in a higher cell
transfection percentage, indicating that the addition of the
layer of cationic polymer did improve cell penetration of
the particles. PEI-enhanced HSA nanoparticles illustrated a
more potent cytotoxic effect on MCF-7 breast cancer cells
over longer time duration. The results shown in this study
are promising and set a platform for further examining the
suitability of this PEI-enhanced delivery system in vivo.
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Carbon nanotubes (CNTs) have been introduced recently as a novel carrier system for both small and large therapeutic molecules.
CNTs can be functionalized (i.e., surface engineered) with certain functional groups in order to manipulate their physical or bio-
logical properties. In addition to the ability of CNTs to act as carriers for a wide range of therapeutic molecules, their large surface
area and possibility to manipulate their surfaces and physical dimensions have been exploited for use in the photothermal destruc-
tion of cancer cells. This paper paper will discuss the therapeutic applications of CNTs with a major focus on their applications for
the treatment of cancer.

1. Introduction

The major aim of developing nanocarrier drug delivery sys-
tems is to enhance the therapeutic effect or reduce toxicity
of therapeutically active materials. This is conventionally
achieved using spherically shaped vesicle nanocarriers such
as liposomes. Alternatively, carbon nanotubes (CNTs) are es-
sentially cylindrical molecules made of carbon atoms. CNTs
are graphene sheets rolled into a seamless cylinder that can
be open ended or capped, having a high aspect ratio with
diameters as small as 1 nm and a length of several microm-
eters. CNTs made from a single graphene sheet results in
a single-walled nanotubes (SWNT) while several graphene
sheets make up multiwalled carbon nanotubes (MWNTs)
[1, 2] (Figure 1). Ever since their discovery in 1991 by Iijima
[1], there has been intense interest in these allotropes of
carbon due to their unique physical and chemical properties
and potential applications in a wide range of fields, from
electronic devices and sensors to nanocomposite materials
of high strength and low weight. Pristine CNTs are not
soluble. It was only after the development of strategies

to functionalize these molecules with organic groups and
render them soluble that opened the way to bioapplications
of CNTs. Due to their high surface area, they are capable of
adsorbing or conjugating with a wide variety of therapeutic
molecules. Thus, CNTs can be surface engineered (i.e.,
functionalized) in order to enhance their dispersability in
the aqueous phase or to provide the appropriate functional
groups that can bind to the desired therapeutic material or
the target tissue to elicit a therapeutic effect. CNTs might
help the attached therapeutic molecule to penetrate through
the target cell to treat diseases [3–6] and a recent example
of CNTs with a variety of functional groups relevant to
cancer therapy [7] is shown in Figure 2. Here, we provide
an overview of the therapeutic applications of CNTs with a
major focus on their use in the treatment of cancer.

2. Cellular Uptake of CNTs

The cellular uptake of CNTs has been confirmed in a range of
studies but the mechanism of CNT penetration into cells is
still not well understood. Because of their needle-like shapes,
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SWNT MWNT

Figure 1: Carbon nanotubes (CNTs) are graphene sheets rolled into
a cylindrical shape. Several sheets may roll into MWNTs whilst a
single sheet rolls into a SWNT [2].

CNTs might be able to perforate cellular membrane and pass
into the cellular components without causing apparent cell
damage [3, 4, 8–11]. An in vitro CNTs nanoinjector system
has been developed by Chen and coworkers [6]. The nanoin-
jector was designed using an atomic force microscope (AFM)
tip and functionalized MWNTs attached to a model cargo
compound via a disulfide linker. The MWNTs nanoinjector
successfully transported into the cell where the disulfide
bond was broken, resulting in the release of the cargo com-
pound within the cytosol (Figure 3).

The perpendicular positioning of the nanotubes to the
cell membranes suggests that uptake of CNTs was similar to
that of nanoneedles which diffuse through cell membrane
without causing cell death [5] (Figure 4). In a study con-
ducted by Kam and coworkers [12], fluoreceinated protein
attached to SWNTs-biotin was detected in the endosomes,
suggesting that uptake of the nanotubes occurred via endo-
cytosis. By contrast, no protein was internalized in the ab-
sence of the nanotubes. Using epifluorescence and confocal
microscopy, functionalized CNTs labeled with a fluorescent
agent have been shown to penetrate through the cell to the
cytoplasm or the nucleus of fibroblasts [3]. In another study,
it has been reported that the uptake mechanism of MWNTs
is highly dependent on the length of nanotubes since those
which are shorter than 1 μm were easier to internalize into
cells and the process of cellular uptake was reported not to
be via endocytosis [13].

3. CNTs as Carriers for Drugs, Genes,
and Proteins

CNTs have been investigated as potential nanocarriers for the
delivery of drugs, genes, and proteins. Most of the research
on CNTs has focused on their potential for delivery of
anticancer agents. This might be attributed to their unique
needle-like shapes which enable them to be functionalized in
order to adsorb or covalently link to a wide variety of ther-
apeutic materials and internalize them into the target cell.
Moreover, the well-established safety of vesicle-based carriers
particularly liposomes has discouraged many researchers
from investigating CNTs in the treatment of many diseases
other than cancer.

3.1. CNTs as Carriers of Anticancer Molecules. It is well
known that cancer cells overexpress folic acid (FA) receptors,
and several research groups have designed nanocarriers with
engineered surfaces to which FA derivatives can be attached.
Moreover, nonspherical nanocarriers (e.g., CNTs) have been
reported to be retained in the lymph nodes for longer pe-
riods of time compared to spherical nanocarriers [14] (e.g.,
liposomes). Thus, CNTs might be used for targeting lymph
node cancers as shown by various investigators [15–17]. In
these studies, magnetic nanoparticles containing the anti-
cancer cisplatin were entrapped into folic-acid-function-
alized MWNTs. An external magnet was employed to drag
the nanotubes to the lymph nodes where the drug was
shown to be released over several days and the tumor to
be selectively inhibited. In a recent study, Yang et al. [18]
have loaded the anticancer molecule gemcitabine into mag-
netic MWNTs and, using mice, they reported high activity
against lymph node metastasis when the formulation was
injected subcutaneously [18]. In another study, the poorly
water-soluble anticancer camptothecin has been loaded into
polyvinyl alcohol-functionalized MWNTs and reported to be
potentially effective in treatment of breast and skin cancers
[19].

Dhar and coworkers [20] have developed what they called
the “longboat delivery system” (Figure 5). A complex of cis-
platin and FA derivative was attached to a functionalized
SWNT via a number of amide bonds to comprise the
“longboat” which has been reported to be taken up by cancer
cells via endocytosis, followed by the release of the drug and
its subsequent interaction with the nuclear DNA. Another
platinum anticancer, namely, carboplatin, after being incor-
porated into CNTs has been shown to inhibit the prolif-
eration of urinary bladder cancer cells in vitro. In another
study, anticancer effects have been shown to be dependent
on the method used to entrap the drug in the CNTs, which
highlighted the possible effects of preparation conditions on
the therapeutic activity of therapeutic molecules associated
with CNTs [21].

Paclitaxel is a poorly water-soluble anticancer molecule.
In the commercialized paclitaxel product (Taxol), Cremo-
phor EL is used to solubilise the drug. Unfortunately, Cre-
mophor EL itself is toxic, which makes finding a suitable
alternative a high priority. Moreover, the circulation time of
Taxol is very short. Coating the nanocarriers (e.g., liposomes)
with hydrophilic polymers such as polyethylene glycol (PEG)
has been established as a strategy to prolong circulation of the
nanocarrier-entrapped molecules in the blood by making the
carrier highly evasive to uptake by the blood macrophages
[22, 23]. PEGylation of paclitaxel increases the circulation
time in the blood over Taxol [24]. Functionalized SWNTs
were conjugated with paclitaxel through branched PEG
chains via a cleavable ester bond. The resultant formulation
was more effective in suppressing tumour growth in vivo
than Taxol or paclitaxel-PEG conjugate in a 4T1 breast cancer
animal model. The PEGylated nanotubes were able to pro-
long the circulation and greatly enhance cellular uptake of
the drug by the cancer cells [25]. Similar findings of anti-
cancer activity have been recently shown when paclitaxel was
loaded into PEGylated SWNTs or MWNTs using HeLa cells



Journal of Drug Delivery 3

DDS
EDC

EDCEGF, Qdot

EGF

Qdot

Cancer cell surface

EGFR

(a) (b)

(c)

10 nm 10 nm 10 nm

O

O

O OO

O

O

O

O

O

O

O

O

O O
OO

O

OH

OHHO

HO
N
H

N
H

NH

N
H

H2NH2N

H2N

H2N

H2N

H2N

H2N
Pt

PtPt

PtPt

Cl

ClCl

Cl

Cl NH2

NH2

NH2

(d) (e)

EGF, cis
platin

DDS—SWNT+cisplatin+EGF

EGFR—Epidermal growth
factor receptor

—Epidermal growth
factor

Figure 2: (a) Schematic representation of functionalization of SWNTs with quantum dots, EDC, and cisplatin; (b) SWNT bioconjugated
with cisplatin and EGF, targeting cancer cell surface receptor EGFR; (c)–(e) TEM images showing the various functional groups, with cisplat-
in shown as bright spots [7].

Cytosol

Cell exterior

SS

SS SH

SH

HS HS

Figure 3: A schematic diagram showing that an AFM-controlled
MWNT-based nanoinjector was able to penetrate into a cell and
release the attached cargo compound after the breakage of the disul-
fide bond. This was followed by successful retraction of the nanoin-
jector with no apparent cell damage being produced [6].

and MCF-7 cancer cell lines [26]. Multidrug resistance is
a significant obstacle to successful anticancer drug therapy
since the P-glycoprotein efflux transporter can interfere with
the accumulation of anticancer drugs in the target cells, re-
sulting in reduced effectiveness of therapy [27, 28]. Recently,
using hepatoma cell lines, PEGylated MWNTs have been

100 nm

Figure 4: The perpendicular positioning of MWNTs (pointed at
by the white arrows) during internalization into HeLa cells suggests
that cellular uptake of CNTs by the cells was similar to that of
nanoneedles [5].
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shown to accumulate in multidrug resistant cells as efficient
as in nonresistant cells, as observed by confocal microscopy
[29]. Interestingly, Liu and coworkers reported that although
PEGylation of SWNTs can prolong blood circulation time of
the associated anticancer molecule, it may cause an accumu-
lation of the nanotubes in the dermal tissues of mice, sug-
gesting that the degree of coating with PEG requires optimi-
sation [30].

Similar to FA receptors, biotin receptors may be over-
expressed on the surfaces of certain cancer cells. Therefore,
biotin-functionalized SWNTs conjugated with the anticancer
agent taxoid using a cleavable linker have been designed [31].
The drug was transported via endocytosis, released in the
cell and interacted with microtubules as evaluated by flow
cytometry. This resulted in the formation of a stable micro-
tubule-taxoid complex and finally caused apoptosis and cell
death (Figure 6).

A targeted delivery system of FA-tethered SWNTs-doxo-
rubicin (DOX) has been designed. Bioadhesive polymers
such as chitosan (CHI) and sodium alginate (ALG) were
included to enhance the aqueous dispersability of the nan-
otubes while FA was used to improve the targeting prop-
erties of the nanotubes (Figure 7). Transmission electron
microscopy (TEM) indicated that the drug was released after
being transported into the tumor cell (HeLa cell) at the low
pH of the lysosome [32] but not at the normal physiological
pH of 7.4 (Figure 8). Recently, a novel approach has been
introduced by covalently attaching PAMAM dendrimers to
FA-treated MWNTs. Using this approach to deliver nan-
otubes, flow cytometry and confocal microscopy indicated
possible targeting of cancer cells that overexpress FA recep-
tors [33]. Li and coworkers (2011) have designed a novel
system which was referred to as “dual-targeted drug nanocar-
rier” by conjugating MWNTs with iron nanoparticles and
folate molecules. This system was efficiently loaded with
doxorubicin and demonstrated superior delivery to HeLa
cells when compared to free doxorubicin [34].

3.2. CNTs as Carriers of Immunoactive Compounds, Proteins,
and Genetic Materials. The ability of macromolecules (e.g.,
genes) to cross the biological barriers and be expressed
within a target cell is particularly challenging, owing to their
hydrophilicity and large molecular size. Gene therapy aims
to use genetic material to treat diseased cells by repairing
the cause of the disease. Since genetic materials are poorly
able to cross the biological membranes, the use of viral or
nonviral vectors to carry the gene and internalize it into the
cell is necessary. Nonviral vectors are less efficient than viral
vectors [35] and short lived [36]; however, they are far safer
[37, 38]. Pantarotto and coworkers have developed novel
functionalized SWNT-DNA complexes and reported high
DNA expression compared with naked DNA [4]. Generally,
functionalized SWNTs have been suggested as suitable non-
viral carriers of macromolecules and internalization of such
macromolecules into living cells by CNTs has been reported
to take place via energy-dependent endocytosis [39]. Confo-
cal microscopy and flow cytometry have shown much greater
fluorescent activity of protein and DNA when conjugated to
SWNTs as compared to the naked macromolecules [40] indi-
cating that CNTs are promising vectors for gene and protein.
Cai and coworkers have introduced an approach to gene
delivery named “carbon nanotube spearing” [10]. Plasmid
DNA with a fluorescent protein were immobilized onto
nickel-embedded CNTs. The formulation was “speared” into
Bal 17 B lymphoma cells using a magnetic field, which pro-
duced high transfection in the target cells [10]. In another
study, exposure of HeLa cells to DNA attached to SWNTs at
37◦C resulted in gene internalization. However, at lower tem-
perature (e.g., 4◦C), no internalization took place (Figure 9),
possibly because gene transport occurs by energy-dependent
endocytosis [39].

A more recent strategy in gene therapy, namely,
gene silencing, involves the use of small interfering RNA
(siRNA). This approach has been shown efficient in the treat-
ment of many diseases including various cancers. In cancer,
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antitumor immunity might be inhibited by suppressors of
cytokine signaling 1 (SOCS1). siRNA can be conjugated to
phospholipid-functionalized SWNTs using a cleavable disul-
fide linker, resulting in efficient gene silencing and subse-
quent death of the targeted cell [9]. In a recent study, amino-
functionalized MWNTs-siRNA complexes have shown suc-
cessful suppression of tumor and prolonged survival in lung
tumor of an animal model [41]. Many types of cancer (e.g.,
leukemia) can overexpress cyclinA(2), and suppression of
this material is expected to prevent tumor growth. Func-
tionalized SWNTs have been designed as carrier for siRNA
for internalization into K562 cells and subsequent inhibition
of the production of cyclinA(2) and treatment of chronic
myelogenous leukemia. It has been found that suppression
of cyclinA(2) expression using siRNA-CNTs can promote
apoptosis in the targeted tumor [42]. Similar findings have
been reported, for instance, functionalized SWNTs have
been conjugated to telomerase reverse transcriptase (TERT)
siRNA. The target gene was successfully silenced, and tumor
growth was inhibited in vitro using murine tumor cell lines
and in vivo using a mouse model [43]. In another study,
CNTs cationically functionalized with polyethylene imines
have been shown capable of complexing with siRNA and gen-

erating a silencing activity of up to 30% and cytotoxicity of
up to 60% [44].

Streptavidin is a protein that has anticancer activity [45];
however, due to its very large molecular weight (approxi-
mately 60,000 Da), it does not penetrate through cells. Kam
and coworkers [12] have used a conjugate of streptavidin
with SWNTs-biotin, which resulted in internalization of the
protein into model cancer cells by adsorption-mediated en-
docytosis. Transmission electron and confocal microscopy
have shown that MWNTs can act as transporters of the
recombinant ricin A chain protein, resulting in high death
rates of cancer cells (e.g., up to 75% of HeLa cells were killed)
[46].

Immunotherapy may be an alternative to gene therapy
in the treatment of cancer. Antitumor immunotherapy using
CNTs has been recently researched. Tumor-specific mono-
clonal antibodies, radiometal ion chelates, and fluorescent
probe have been attached to SWNTs. Targeting the tumor
(lymphoma) using a range of techniques has been reported
to be successful [47]. MWNTs have been conjugated to
tumour lysate protein as an antigen. This specifically in-
creased the antitumor immune response [48].
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Glioma is a brain tumor that is able to evade the host
immune system, resulting in lack of benefit from conven-
tional chemotherapy. This is because glioma cells secrete
the immunosuppressive cytokines such as prostaglandins
E and TGF-Beta and IL-10 [17, 49]. Macrophages have a
preferential affinity towards CNTs when compared to glioma
cells [50]. Using a GL261 murine intracranial glioma cancer
model, VanHandel and coworkers [51] have developed an
immunotherapy approach using MWNTs based on the fact
that macrophages prefer to engulf CNTs compared with
glioma cells. MWNTs caused an increase in the influx of
macrophages into the glioma cells. This was reported to be
accompanied by an increase in the levels of IL-10 expression,
suggesting that immunomodulation using CNTs is a possible
strategy to treat cancer.

Angiogenesis targeting antibodies E4G10 were attached
to SWNTs via radiometal ion chelates. This formulation
has been reported to reduce the volume of the tumor and
prolong survival in animal models [52]. Moreover, oxidized
MWNTs can be injected subcutaneously to a hepatocarci-
noma-bearing animal to induce an immune response, which
has been reported to retard tumor growth [53]. This suggests

that CNTs themselves could possibly be surface-engineered
to have anticancer activity by inducing an immune response
against tumor.

A major obstacle to effective anticancer therapy is the
multidrug resistance caused by enhanced efflux of anticancer
drugs by the overexpressed p-glycoprotein, resulting in poor
anticancer effect. Li and coworkers (2010) have shown that
SWNTs can be functionalized with p-glycoprotein antibodies
and loaded with the anticancer agent doxorubicin. Com-
pared with free doxorubicin, this formulation demonstrated
higher cytotoxicity by 2.4-fold against K562R leukemia cells
[54].

3.3. Photothermal Therapy of Cancer Using CNTs. CNTs are
able to absorb light in the near infrared (NIR) region, result-
ing in heating of the nanotubes [55]. This unique property of
CNTs has been exploited as a method to kill cancer cells via
thermal effects [39, 56–68].

Optical coupling of light with CNTs is predicted to be
at highest when the length of the nanotubes is more than
half the wave length of the incident light beam as determined
by the antenna theory [66]. Engineering the structure of
MWNTs by creating intentional surface defects might en-
hance the antenna properties of the nanotubes. Such engi-
neered “defects” or dopants will cause scattering in the trav-
elling currents and also increase the heating of the nan-
otube. This physicoelectronic characteristic of the engineered
MWNTs can be employed to thermally destruct the tumor
cells by using MWNTs that have good heat conducting prop-
erties. Examples of dopants include boron [67] and nitrogen
[57] (N-doping). N-doped MWNTs have been shown to pro-
duce photoablative kill of model kidney cancer cells when
NIR light was used. Moreover, the length of nanotubes has
been found to be a major determinant of nanotube ability to
transfer heat and kill the tumor with lengths between 700
and 1,100 nm being most desirable to kill the tumor [57]
(Figure 10).

In a study conducted by Gannon and coworkers [56],
SWNTs were functionalized using Kentera (a polyphenylene
ethynylene-based polymer). The incubation of the nano-
tubes with hepatic tumor cells followed by application of
radiofrequency field caused a concentration-dependent ther-
mal destruction of the tumor cells which was demonstrated
by development of apoptotic cells that caused complete ne-
crosis of the tumor cells. By contrast, tumor cells that were
injected with the Kentera alone (without CNTs) were viable
after the application of the radiofrequency field. In the same
study, it has been reported that in vivo injection of the
Kentera-functionalized SWNTs was tolerated by rabbits [56].
Unfortunately, the resultant thermal destruction is not
selective towards cancer cells and the access to deep tumor
areas is generally poor, necessitating the inclusion of tar-
geting moieties such as FA on the surfaces of CNTs [37].
Folate-bearing nanotubes having the size of 0.81 nm and a
maximum absorbance at 980 nm were used for photothermal
therapy of cancer [58]. The tumor cells were exposed to
980 nm laser radiations, resulting in photothermal destruc-
tion of cancer cells both in vitro and in vivo.



Journal of Drug Delivery 7

2 μm

(a)

2 μm

(b)

2 μm

(c)

500 nm

(d)

Figure 8: TEM showing the difference between HeLa cancer cells before treatment and after treatment with carbon nanotube formulations
and the fate of the nanotubes: (a) HeLa cells before treatment, (b) HeLa cells treated with DOX-FA-CHI-ALG-SWNTs, (c) a magnified image
of (b), and (d) magnified image of the boxed region in (c). The black arrow points at a SWNT-containing vesicle, and the white arrow points
at some aggregated nanotubes inside a lysosome [32].
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Figure 9: Confocal microscopy showing the internalization of labeled single strand DNA into Hela cell using SWNTs. (a) The labeled DNA
(green colour) is surrounding the nucleus (black circles) at 37◦C. (b) The nucleus stained using DRAQ5 (red color) is surrounded by the
labeled DNA (green colour) after internalization at 37◦C. (c) At 4◦C, no DNA internalization has occurred [39].

3.4. CNTs for Other Therapeutic Applications. The use of
CNTs has been expanding to include therapeutic applications
other than cancer. For instance, surface-engineered CNTs
may be able to capture pathogenic bacteria in liquid medium
[69–71]. Thus, CNTs themselves might have antimicrobial
activity since microorganisms may be adsorbed onto the
engineered surfaces of CNTs. Moreover, using E. coli as a
model microorganism, it has been reported that the elec-
tronic properties of SWNTs may regulate their antibacterial
activity. The antibacterial effect was attributed to carbon-
nanotube-induced oxidation of the intracellular antioxidant
glutathione, resulting in increased oxidative stress on the
bacterial cells and eventual death [72].

Functionalized CNTs have been demonstrated to be able
to act as carriers for antimicrobial agents such as the antifun-
gal amphotericin B [73, 74]. CNTs can attach covalently to

amphotericin B and transport it into mammalian cells. This
reduced the antifungal toxicity as compared to the toxicity of
the free drug since 40% of the cells were killed by the CNTs-
free formulation compared to no cell death by the CNTs for-
mulation. It has also been reported that the antifungal activ-
ity was increased using the CNTs [73].

4. Conclusions

CNTs are promising needle-like carriers of both small drug
molecules as well as macromolecules such as genes and pro-
teins. CNTs can be functionalized so that certain molecules
are attached to their surfaces via covalent or noncovalent
bonding. The needle-like shape of the CNTs enables them to
perforate cellular membranes and transport the carried ther-
apeutic molecules to the cellular components. This process
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Figure 10: The relationship between cell survival and CNTs length
using photothermal therapy. This has shown that nanotube lengths
of 700 and 1100 nm are much more desirable in killing tumor cells
compared with the length of 300 nm [57].

is thought to take place via endocytosis. CNTs have exclusive
properties that would make them appropriate in the medical
field such as their ability to adsorb pathogenic microorgan-
isms and conduct heat. CNTs have been introduced to drug
delivery research for a limited number of years and therefore
extensive amounts of research is expected to be produced
in the forthcoming years in order to explore their poten-
tial.
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Glucan particles (GPs) are hollow, porous 2–4 μm microspheres derived from the cell walls of Baker’s yeast (Saccharomyces
cerevisiae). The 1,3-β-glucan outer shell provides for receptor-mediated uptake by phagocytic cells expressing β-glucan receptors.
GPs have been used for macrophage-targeted delivery of soluble payloads (DNA, siRNA, protein, and small molecules)
encapsulated inside the hollow GPs via core polyplex and layer-by-layer (LbL) synthetic strategies. In this communication, we
report the incorporation of nanoparticles as cores inside GPs (GP-NP) or electrostatically bound to the surface of chemically
derivatized GPs (NP-GP). GP nanoparticle formulations benefit from the drug encapsulation properties of NPs and the macro-
phage-targeting properties of GPs. GP nanoparticle formulations were synthesized using fluorescent anionic polystyrene nano-
particles allowing visualization and quantitation of NP binding and encapsulation. Mesoporous silica nanoparticles (MSNs)
containing the chemotherapeutic doxorubicin (Dox) were bound to cationic GPs. Dox-MSN-GPs efficiently delivered Dox into
GP phagocytic cells resulting in enhanced Dox-mediated growth arrest.

1. Introduction

The development of effective drug delivery systems presents
multiple challenges, such as issues of drug solubility, target-
ing, in vivo stability and clearance, and toxicity. Nanotech-
nology-based drug delivery systems are a promising ap-
proach to fulfill the need for new delivery systems offering
several advantages, such as high drug binding capacity due
to their large surface area, improved solubility and bioa-
vailability of hydrophobic drugs, extended drug half-life,
improved therapeutic index, reduced immunogenicity, and
the possibility for controlled release [1–3]. Nanoparticles
can also be synthesized with control over average size, size
distribution, and particle shape, all key factors related to cel-
lular uptake mechanisms and improved penetration across
biological barriers. Additionally, some nanoparticles offer the
possibility for combined use as therapeutic and diagnos-
tic/imaging tools. A new term, theranostics, has been recently
proposed to describe these types of nanoparticles [4]. The
successful development of nanoparticle-based delivery sys-

tems is exemplified by the use of nanomaterials for anticancer
drug formulations [5, 6].

A primary challenge to realizing the full promise of nano-
particle-based drug delivery is the lack of optimal strategies
to achieve selective and efficient cellular targeting. The mech-
anism of NP uptake is dependent on particle size and shape
[7–9], and several competing uptake mechanisms result in
undesired processes including off-target accumulation in
other organs tissues and cells, rapid clearance from in vivo
circulation (especially NPs less than 5 nm) [10, 11], opson-
ization and macrophage clearance [7, 12], and complement
activation by proteins that results in hypersensitivity reac-
tions [13]. NPs can be somewhat targeted by attaching li-
gands with specificity to receptors that are overexpressed
in certain cells (i.e., folate and transferrin receptors in can-
cer cells [14–18]), or targeting cell populations with high
selectivity by grafting specific targeting moieties to cell
surface receptors known to be expressed only on target
cells (i.e., antibodies to target prostate-specific membrane
antigen (PSMA) [19] or galactose to target asialoglycoprotein
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Figure 1: Schematic representation of glucan particle/nanoparticle synthesis strategies.

receptors on hepatocyte cells [20]). Some interfering pro-
cesses can be reduced by coating of the nanoparticles with
a hydrophilic polymer (i.e., PEG polymer brush or stealth
nanoparticles). PEG is a nonimmunogenic, nontoxic, and
protein-binding resistant polymer. PEG coating of nanopar-
ticles prevents opsonization by shielding surface charges, re-
ducing macrophage clearance, increasing steric repulsion of
blood components, and increasing hydrophilicity and in vivo
circulation of NPs [12, 21].

Glucan particles (GPs) are porous, hollow microspheres
that are prepared from Saccharomyces cerevisiae (Baker’s
yeast). The glucan microspheres have an average diameter
of 2–4 microns and are composed of 1,3-D-glucan and
trace amounts of chitin. The 1,3-D-glucan polysaccharide
on the GP surface serves as a ligand for receptor-mediated
cell uptake by phagocytic cells bearing β-glucan receptors
(dectin-1 (D1) receptor and complement receptor 3 (CR3))
[22], such as macrophages and dendritic cells in the immune
system. GP uptake has been demonstrated to be dectin-
1 dependent in vitro [23]. The ability to selectively target
phagocytic cells makes the glucan particle an attractive drug
delivery vehicle for this cell population. The hollow and
porous material properties of GPs allow for the encapsu-
lation, transport, delivery, and release of electrostatically
bound payloads. Previously we have reported the use of GPs
for macrophage-targeted delivery of soluble payload macro-
molecules (i.e., proteins [23], DNA [24], and siRNA [25,
26]), and small drug molecules, such as the antibiotic
rifampicin [27]. However, the use of GPs for small drug mol-
ecule delivery is limited since the majority of small drug mol-
ecules are neutral, monovalent in charge, or insoluble in
water, and such payloads are not easily trapped within glu-
can particles using the polyplex core or LbL encapsulation
methods developed for nucleic acids and proteins.

We report here a new targeted-nanoparticle delivery ap-
plication for glucan particles incorporating insoluble pre-
formed nanoparticles (NPs) of less than 30 nm in diameter
as cores inside glucan particles (GP-NP), or nanoparti-
cles electrostatically bound to the surface of derivatized

glucan particles (NP-GP) (Figure 1). The advantages of
GP nanoparticle encapsulation include: (1) glucan receptor
targeted delivery (2) the encapsulation of payload complexes
that cannot be prepared in situ as the synthetic conditions
are not compatible with glucan particles, (3) the loading
of nanoparticles that can enhance the ability to load small
drug molecules (neutral, hydrophobic drugs) into GPs, and
(4) the incorporation of nanoparticles with an intrinsic
property, such as magnetic nanoparticles, thus increasing the
versatility of the particles, as the same formulation could be
used for drug delivery and the magnetic properties employed
for cell purification or imaging applications [28].

The development of GP nanoparticle-loaded formula-
tions used two types of model nanoparticles: (1) fluorescent
polystyrene nanoparticles of narrow size distribution to
allow for the visualization and characterization by fluo-
rescent techniques and (2) mesoporous silica nanoparticles
(MSNs) for the encapsulation of the chemotherapeutic drug,
doxorubicin to assess biological activity. MSNs are highly
porous nanoparticles prepared from tetraethyl orthosilicate
polymerized on a template such as a surfactant micelle
[29, 30]. Since the discovery of MSNs in 1992, much work
has been done to evaluate these materials for absorption, ca-
talysis, chemical devices, and more recently as drug delivery
agents (i.e., delivery of the cancer drugs camptothecin, pacli-
taxel, doxorubicin [31–33]). MSNs were chosen as a mod-
el nanoparticle because of their ease of synthesis, binding
capacity for small drug molecules, and the possibility of
extending the capabilities of GP-targeted drug delivery to
hydrophobic drugs. We chose to study the delivery of dox-
orubicin (Dox) as a first step in the development of GP ma-
crophage-targeted delivery of chemotherapeutics. Macro-
phages are nondividing differentiated cells and are resistant
to the cytotoxic DNA replication inhibitor, doxorubicin. Ma-
crophages are known to migrate into solid tumors, and we
hypothesize that they will act as Trojan horses carrying lethal
doses of Dox-GPs into tumors for targeted cancer drug deliv-
ery to rapidly dividing tumor cells.
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2. Materials and Methods

2.1. Materials. Carboxylate-modified red fluorescent nano-
particles and Alamar blue were purchased from Invitrogen
(Carlsbad, CA); glucan particles (GP) were prepared from
Baker’s yeast (Fleishmans Baker’s yeast, AB Mauri Food Inc,
Chesterfield MO, USA) according to a previously published
procedure [24]. Polyethylenimines (PEIs, molecular weight
of 1.2, 10, and 100 kDa) were purchased from Polysciences
(Warrington, PA, USA). All other PEIs, chemicals for the
synthesis of MSNs, and solvents were purchased from Sigma
Aldrich (Allentown, PA, USA) and used as received. Materials
for cell tissue culture experiments were purchased from
Gibco Scientific (Grand Island, NY, USA) or Fisher Scientific
(Fairlawn, NJ, USA).

2.2. Preparation of 20 nm Nanoparticle Cores Inside GPs. Flu-
orescent 20 nm nanoparticles were used at a concentration
of 4.5 × 1015 particles/mL. Dry glucan particles were mixed
with 5 μL nanoparticle suspension/mg GP to obtain a uni-
form paste, incubated at room temperature for 1 h, and the
GP-NP-loaded formulation was lyophilized. This hydration-
loading-lyophilization procedure was repeated using water
(5 μL/mg GP) to hydraulically push nanoparticles into GPs
by capillary action. The dry GP-NPs were hydrated and
washed after the second lyophilization to remove free nano-
particles, sterilized in 70% ethanol at −20◦C, aseptically
washed three times with 0.9% saline, resuspended in 0.9%
saline, counted with a hematocytometer, and GP concen-
tration adjusted to a concentration of 1 × 108 particles/mL.
Samples were evaluated by fluorescence microscopy, flow
cytometry, zeta potential, and for GP-mediated uptake into
phagocytic cells.

2.3. Synthesis of Cationic GPs. GPs (5 mg) were resuspended
in 10 mLs of water by homogenization. Potassium periodate
(0.4 mL of a 1 mg/mL solution) was added and the mixture
stirred in the dark at room temperature for at least six
hours. Oxidized GP samples were washed three times with
water, and used immediately for reductive amination synthe-
sis. Cationic polymers (PEIs) and water were added to the
oxidized GP samples (1 μmol PEI/mg GP), and the parti-
cles were resuspended and mixed at room temperature over-
night. The aminated samples were reduced with sodium bor-
ohydride (0.1 g) and incubated at room temperature for 48
hours. The reduced samples were washed with water. Tris
buffer (5 mLs, pH 7.5, 0.05 M) was added and the sample
incubated for 30 minutes. The samples were washed with
water, resuspended in 70% ethanol, and stored overnight
at −20◦C for sterilization, then aseptically washed three
times with 0.9% saline, resuspended in 0.9% saline, particles
counted with a hematocytometer, and the particle suspen-
sions diluted to a concentration of 1 × 108 particles/mL and
stored at −20◦C.

Periodate oxidized glucan particles (n = 5 samples) were
evaluated for aldehyde content using a hydroxylamine hydro-
chloride assay [34]. Oxidized GP samples (5 mg) were incu-
bated in 1 mL of DMSO at 50◦C for 2 h to dissolve the parti-
cles. The samples were centrifuged to remove insoluble

material (chitin). Hydroxylamine hydrochloride solution
(0.5 mL, 0.5 N) containing 0.05% w/v methyl orange added
to the samples, and the mixture was incubated at room tem-
perature for 4 hours. The samples were titrated with a
standardized 0.01 M sodium hydroxide solution until a red-
to-yellow endpoint was achieved.

The level of PEI coupling in the PEI-GP samples was
measured with a ninhydrin assay. PEI-GP samples (1 mg)
were resuspended in 100 μL of water and mixed with 100 μL
of 2% w/v ninhydrin in DMSO. The samples were heated at
100◦C for 20 min, cooled to room temperature, and 800 μL of
ethanol was added. PEI samples of different concentrations
were also treated with ninhydrin to prepare calibration
curves and determine the linear response range of each of the
PEIs used in the chemical modification of GPs. Absorbance
was measured at 570 nm for the calibration curve controls,
PEI-GP samples, and blank GP controls. A total of three sam-
ples of each PEI-GP were analyzed with the ninhydrin assay.

2.4. Binding of Nanoparticles to Surface Derivatized GPs. GP
or PEI-GP samples (10 μL 1 × 108 part/mL) and rhoda-
mine labeled carboxylated nanoparticles of different diam-
eter (20, 100 and 200 nm) were mixed at NP/GP ratios of
1/1, 10/1, and 100/1 in a final volume of 100 μL in 0.9%
saline. The samples were incubated in the dark for 1 hour
and the unbound nanoparticles separated from the GPs con-
taining bound nanoparticles by centrifugation (10000 rpm
for 2 min). The samples were then washed with 0.9% saline
(100 μL) to remove unbound nanoparticles from the pellet,
washed pellet samples resuspended in 0.9% saline (100 μL)
and fluorescence of the carboxylate polystyrene nanopar-
ticles (excitation = 580 nm, emission = 605 nm) measured
in all fractions to quantify bound and unbound nanoparti-
cles. The average of at least five measurements was collected
for each experimental condition. NP-GP samples were also
evaluated by zeta potential measurements, flow cytometry,
and fluorescence microscopy. The NP-GP samples were
tested for nanoparticle-binding stability to GPs by incuba-
tion in phosphate buffer saline (PBS, pH 7) contain-
ing 10% fetal bovine serum (FBS), or sodium acetate buffer
(0.1 M, pH 5) over 48 hours. Samples were processed by cen-
trifugation to remove free nanoparticles, washed and super-
natant fractions analyzed for released cPS-NPs, and pelleted
fractions evaluated by fluorescence microscopy to assess
binding of cPS-NPs to GPs.

2.5. Mesoporous Silica Nanoparticles (MSNs). MSN samples
containing phosphate and amine functional groups were pre-
pared by the cocondensation method reported by Lu et al.
[32, 33]. A solution containing cetyl trimethylammonium
bromide (CTAB, 0.5 g) in water (24 mLs), and NaOH
(2 M, 0.2 mL) was heated to 80◦C and stirred vigorously
until the solutes were dissolved. A solution containing
the MSN reagents (tetraethylorthosilicate, TEOS (2.5 mLs)
and amino-propyltriethoxysilane, APTS (12 μLs)) were then
added and the mixture stirred at 80◦C for 15 minutes. 3-Tri-
hydroxysilylpropyl methylphosphonate (0.63 mL) was added
and the solution was incubated for 2 hours at 80◦C with
stirring. The solution was cooled at room temperature and
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then centrifuged (3,000 g for 20 minutes), washed with
50 mLs of methanol, and dried at room temperature. The
CTAB was extracted from the MSN by refluxing the particles
(850 mg) in an acidic methanol mixture (90 mLs of methanol
and 5 mLs of 12.1 M HCl) for 24 hours. The particles were
then washed three times with 50 mLs of methanol and left to
dry overnight. MSN samples were characterized by dynamic
light scattering (DLS) particle size measurements, and zeta
potential.

2.6. Doxorubicin Binding to MSN. MSN suspensions and
doxorubicin (0–2 μmol Dox/mg MSN) were incubated in
1 mL of DMSO overnight at room temperature. The samples
were then centrifuged and the supernatant removed. The
Dox-MSN pellets were lyophilized and washed three times
with 1 mL of water to remove Dox bound on the outside of
MSN. A total of five Dox-MSN samples were prepared for
each Dox loading concentration. Dox-MSN samples were
resuspended in sterile water at a concentration of 1 mg/mL
and stored at −20◦C. The amount of Dox bound to MSN
was quantified by incubating 0.2 mg samples of Dox-MSN
in methanol (1 mL) overnight at room temperature to
completely extract Dox. Doxorubicin was quantified by
fluorescence spectroscopy (excitation = 480 nm, emission =
550 nm).

2.7. Synthesis of Dox-MSN-PEI-GP. 25 k PEI-GPs, unmod-
ified GPs (10 μL, 1 × 108 particles/mL), and Dox-MSN
nanoparticles (10 μL, 5 × 10−5 to 5 × 10−2 mg Dox-MSN/
mL) were mixed at a final volume of 100 μL in 0.9% saline.
The concentration range of Dox-MSN allowed studying
binding to PEI-GP at Dox-MSN/PEI-GP ratios from 0.0005
to 5 pg Dox-MSN/GP. The samples were incubated in the
dark for 1 hour at room temperature and the unbound Dox-
MSN separated from the PEI-GP or GPs-containing bound
nanoparticles by centrifugation (10000 rpm for 2 min).
Additional control samples containing only Dox-MSN were
processed in the purification procedure. The samples were
then washed with 0.9% saline (100 μL) to remove unbound
nanoparticles from the pellet, washed pellet samples resus-
pended in 0.9% saline (100 μL), and fluorescence of dox-
orubicin measured in all fractions to quantify amount of
bound and unbound Dox-MSN. The average of at least
three measurements was collected for each experimental
condition. Dox-MSN-PEI-GP and Dox-MSN-GP samples
were also evaluated by zeta potential measurements, and
fluorescence microscopy. The samples were evaluated for
stability by incubation in phosphate buffer saline (PBS, pH 7)
containing 10% fetal bovine serum (FBS), or sodium acetate
buffer (0.1 M, pH 5) over 48 hours. At various time points,
samples were processed by centrifugation to remove free
nanoparticles, washed and supernatant fractions analyzed
by fluorescence spectroscopy to quantify released Dox, and
pellet fractions were analyzed by fluorescence microscopy to
confirm stability of Dox-MSN-PEI-GP samples.

2.8. Dynamic Light Scattering (DLS) and Zeta Potential Meas-
urements. Size and zeta potential of nanoparticle samples
and zeta potential of GP/NP samples were determined

with a Malvern Zetasizer Nano-ZS (Malvern Instruments,
Worcestershire, UK). Solvents and buffers were filtered
through 0.22 μm filters before sample preparation. A suspen-
sion of particles (1 mg/mL for nanoparticle samples, 2 ×
106 particles/mL for GP samples) was diluted in 1 mL of
20 mM Hepes buffer, vortexed, and transferred to a 1 mL
clear zeta potential cuvette (DTS1061, Malvern). Zeta poten-
tial was collected at 25◦C from −150 to +150 mV. The re-
sults are the average three samples. For each sample a
total of 30 measurements were collected and analyzed with
the Dispersion Technology software 4.20 (Malvern) pro-
ducing diagrams of zeta potential distribution versus total
counts. DLS measurements were obtained from samples
in the same zeta potential cells at 25◦C. The average of
20 measurements/sample was collected in the size range from
1 nm to 10000 nm. The data were analyzed with the Disper-
sion Technology software producing histograms for particle
size versus % intensity.

2.9. Flow Cytometry (FACS). FACS measurements were ob-
tained using a Becton Dickinson FACSCalibur instrument
(BD, Franklin Lakes, NJ, USA). Samples were prepared for
FACS analysis by binding of 2 × 107 nanoparticles to 2 ×
106 GP particles. The bound NP-GP samples were washed
from unbound nanoparticles and resuspended at 2× 106 GP/
mL in PBS. Unmodified GPs were used as negative control
and rhodamine-labeled GPs as the positive control. The
particles were analyzed with an FL4 laser at 605 nm by col-
lecting an average of 15000 measurements. Gating and anal-
ysis was performed using FlowJo 6.4.2 software.

2.10. Dox-MSN/GP Cell Delivery. Dox-MSN samples were
prepared as described in Section 2.6. Dox-MSN samples
were bound to 25 k PEI-GP or unmodified GP particles
as described in Section 2.7. The samples were prepared by
binding 0–5 × 10−4 mg Dox-MSN/1 × 106 PEI-GP or GPs,
equivalent to 0–5 pg Dox-MSN/glucan particle. The amount
of PEI-GP or GP particles was chosen to test for cell uptake
at a 10 : 1 GP : cell ratio to maximize phagocytic cell uptake.
Based on the binding of Dox to Dox-MSN, the Dox-MSN-
PEI-GP samples contained 0–0.15 nmol Dox. Dox-MSN-
free nanoparticles and soluble Dox (free Dox) were also
evaluated in the same concentration range. These samples
were evaluated for cellular uptake and Dox delivery using
the NIH3T3-D1 cell line. This cell line was derived from
the NIH3T3 fibroblast cell line by the integration of the
dectin-1 gene to produce cells expressing the β-1,3-D-glucan
receptor dectin-1 allowing for efficient GP phagocytosis
[35, 36]. Samples were resuspended in complete DMEM
medium (250 μL) and added to 24 well plates containing
1 × 105 cells in 0.5 mL complete DMEM medium. After
incubation for 3 hours at 37◦C under 5% CO2, the cells were
fixed with 1% formalin and observed microscopically for
fluorescent Dox-MSN/PEI-GP phagocytosis. To determine
the effects of Dox-MSN/PEI-GP, Dox-MSN, or free Dox on
cell growth and viability, these samples were incubated for 3
hours with cells as described above, and the cell monolayers
were washed in complete DMEM and incubated for an
additional 48 hours. Alamar blue (50 μL) was added, the cells



Journal of Drug Delivery 5

incubated at 37◦C for 2 hrs, and fluorescence was measured,
excitation wavelength = 530 nm, emission wavelength =
590 nm. Fluorescent response is dependent on the reduction
of the Alamar blue indicator by metabolically active cells and
is an indicator of cell number and viability. Growth arrest
was calculated from the fluorescence response of the sample
wells relative to the response of control wells containing
cells incubated in the absence of doxorubicin. The results
are the average of four samples prepared for each Dox-MSN
formulation evaluated for NIH3T3-D1 growth arrest.

3. Results and Discussion

Glucan particles have been used for macrophage-targeted
delivery of a wide range of payload macromolecules [23–
27]. Soluble payloads can be efficiently encapsulated inside
GPs by both polyplex and layer-by-Layer (LbL) synthetic
approaches. There is a growing interest to extend the use
of the GP delivery technology for small drug molecules
(i.e., chemotherapeutics and antibiotics). However, GPs have
limitations in the encapsulation of small molecules as most of
these molecules are neutral in charge and cannot be trapped
by the noncovalent techniques used to assemble macro-
molecule polyplexes inside GPs. Also, hydrophobic drugs
present a challenge for loading inside GPs. The combination
of established nanoparticle encapsulation technologies and
glucan particles offers an attractive opportunity to extend
the use of GPs for macrophage-targeted delivery of small
drug molecules. Here we present the results of model sys-
tems using polystyrene nanoparticles and mesoporous silica
nanoparticles to demonstrate the GP-mediated small drug
molecule delivery as GP-nanoparticle-drug formulations.

3.1. Use of Glucan Particles for Encapsulation or Surface Bind-
ing of Polystyrene (PS) Nanoparticles. Rhodamine-labeled
carboxylate polystyrene nanoparticles (cPS-NPs) were used
as a model system because of their uniform narrow size
distribution, high fluorescent signal, and the ability to cross-
link or bind carboxylate nanoparticles to the surface of cati-
on-modified GPs through electrostatic interactions. cPS-NPs
(20 nm in diameter) were used to prepare nanoparticle cores
encapsulated within the hollow cavity of GPs. The freeze-
thaw cycles during the nanoparticle-loading process caused
nanoparticle aggregation trapping the cPS-NPs inside GPs.
Additionally, the inclusion of a cationic polymer, like
polyethylenimine (PEI) or chitosan, electrostatically cross-
linked the aggregated nanoparticles inside GPs and slowed
down their release. Figure 2 shows microscopic images of
GP nanoparticle cores and receptor-targeted uptake by cells
bearing glucan receptors. cPS-NPs were loaded at a con-
centration of 2.25 × 1013 nanoparticles/mg GP, and mea-
surement of unbound cPS-NPs collected from washing the
GP-cPS NP cores demonstrated that nanoparticle encapsu-
lation efficiency was greater than 80%. The high cPS-NP
encapsulation capacity in the hollow cavity in GPs results in
the loading of >30,000, 20 nm cPS-NPs per glucan particle.
However, there is a limit to the size of nanoparticles that
can be encapsulated inside GPs because the average pore
size in the shell of GPs is less than 40 nm. To overcome this

Table 1: PEI surface functionalization results and zeta potential
values of GP and PEI-GPs.

GP sample
PEI surface

functionalization results
μmol PEI/mg GP

Zeta potential peak
(±5 mV)

GP — 2.4

1.2 k PEI-GP 0.012 ± 0.002 22.1

1.8 k PEI-GP 0.031 ± 0.021 21.7

10 k PEI-GP 0.015 ± 0.001 21.1

25 k PEI-GP 0.0136 ± 0.003 30.2

100 k PEI-GP 0.0192 ± 0.001 33.3

size limitation, an alternative approach was devised to bind
nanoparticles to the outer GP shell.

Cationic GPs were synthesized by functionalization of the
GP surface with branched PEIs varying in molecular weight.
The cationic PEI-GP library was prepared by reductive
amination of oxidized glucan particles with PEI following
similar procedures reported for other polysaccharides [37].
The 1,3-glycosidic bonds are stable to oxidation; thus
oxidation of glucan particles takes place only at the reduc-
ing terminal glucose monomers (<2%) in the β-glucan struc-
ture of the particles. This limits the grafting of PEIs to
∼0.12 μmol PEI/mg GP. The yield of periodate oxidation
of the terminal glucose in the particles (60 ± 10%) was
determined using a hydroxylamine hydrochloride assay. This
oxidation step limits the reaction of cationic PEIs by reduc-
tive animation to less than 0.07 μmol PEI/mg GP. Binding of
the cationic polymers to the glucan particles was confirmed
by a ninhydrin test. The results of PEI grafting shown in
Table 1 confirmed that the levels of PEI covalently linked
to GPs ranged from 0.01 to 0.03 μmol PEI/mg GP (15–40%
yield based on a maximum PEI grafting of 0.07 μmol PEI/mg
GP). The molecular weight of PEI does not seem to have
an effect on grafting; therefore, it is likely that accessibility
of the oxidized glucose units on the particle surface is the
controlling parameter in the reaction.

Zeta potential results (Table 1) confirmed the synthesis
of cationic GPs. Zeta potential has been previously used
to follow reaction sequences on nano- and microparticles
[38]. Unmodified GPs are neutral and a significant shift to
a positive potential demonstrated PEI linkage to GPs. One
limitation of zeta potential measurements is the effect of
particle aggregation on zeta potential to establish a quanti-
tative relation between the number of surface groups and
the zeta potential values. The zeta potential results of PEI-GP
samples indicate that enough PEI has been grafted on the GP
surface to shift the zeta potential of neutral GPs to ∼20 mV
(low molecular weight PEI) or ∼30 mV (high molecular
weight PEI).

Fluorescent anionic carboxylate polystyrene nanoparti-
cles (cPS-NPs) of three diameters (20, 100, and 200 nm)
were used to measure the binding capacity of PEI-GPs and
control GPs. Larger nanoparticles (0.5, 1, and 2 um) were
also evaluated, but quantitative analysis was difficult due to
spontaneous aggregation of cPS-NPs with the GPs. cPS-NP-
loaded GP samples prepared with nanoparticles of 200 nm or
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Figure 2: (a) Microscopic images of GPs containing 20 nm anionic fluorescent carboxylate polystyrene nanoparticles. (b) Fluorescent
photomicrographs showing uptake of GP-cPS-NPs by control NIH3T3 fibroblast cells (left) and GP phagocytosing proficient NIH3T3-D1
cells (right).
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Figure 3: Binding efficiency of GPs derivatized with different mo-
lecular weights of PEI for anionic fluorescent polystyrene nano-
particles of 20, 100, and 200 nm in diameter (experimental results
were obtained at a cPS-NP/GP ratio of 100 : 1, the values correspond
to average of at least five samples).
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Figure 4: Stability of cPS-NP-GP. cPS-NP released from PEI-GP
samples following incubation in PBS + 10% FBS (pH 7) or 0.1 M
acetate buffer +10% FBS (pH 5).

less in diameter can be separated from GPs by centrifugation.
The amount of cPS-NPs bound to the GPs was measured
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Figure 5: Zeta potential of (a) 200 nm anionic polystyrene NPs alone, (b) glucan particle (GP) control + cPS-NPs, and (c) 25 k PEI-GP +
cPS-NPs.

from the fluorescence of unbound cPS-NPs collected in the
supernatant and the bound nanoparticles in the NP-GP
pellet fractions. The binding efficiency is defined as the ratio
of fluorescence emission measurements of cPS-NPs in the
pellet fraction divided by the input cPS-NPs.

Measured cPS-NP fluorescence in pellet
input

=binding efficiency

(1)

Figure 3 shows that the PEI-GPs readily bind cPS-NPs.
The binding efficiency of PEI-GPs for fluorescent anionic
polystyrene nanoparticles was carried out at a ratio of 100 : 1
cPS-NPs : glucan particle and ranged from 50 to 90%. The
unmodified GP control had minimal cPS-NP binding. The
content of amines/GP increases with PEI molecular weight;
however, there is no correlation between amine content
(surface charge) and binding efficiency indicating that at the

cPS-NP/GP ratio used in the data presented in Figure 3 that
the binding is limited by the nanoparticle concentration. At
lower cPS-NP/GP ratio (10 : 1 or 1 : 1), we measured binding
efficiencies higher than 95%. It was not possible to measure
binding at cPS-NP/GP ratios higher than 100 : 1 due to inef-
ficient separation of the excess unbound cPS-NPs from the
GP pellets.

cPS-NP-PEI-GP samples were evaluated for nanoparti-
cle-binding stability at pH 5 and pH 7 in buffers containing
10% fetal bovine serum (FBS) to simulate cell uptake con-
ditions. Fluorescence measurements of the released nano-
particles into solution and microscopic evaluation of the
samples after 48 h incubation showed that more than 60%
of the anionic nanoparticles remained bound to the mod-
ified PEI-GP particles (Figure 4). The stability of the elec-
trostatic binding of cPS-NP to PEI-GPs provides for efficient
glucan-mediated uptake of the cPS-NP-PEI-GPs into cells
expressing glucan receptors (Figure 6).
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Figure 6: Microscopic images of (a) GP + 200 nm cPS-NPs and (b) 25 k PEI-GP + 200 nm cPS-NPs. FACS results of (c) GP + 200 nm
cPS-NPs and (d) 25 k PEI-GP + 200 nm cPS-NPs. Microscopic images showing NIH 3T3-D1 uptake of (e) GP + 200 nm cPS-NPs and (f)
25 k PEI-GP + 200 nm cPS-NPs.
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Figure 7: Binding efficiency of Dox-MSN binding to 25 k PEI-GP
(the results are the average of three samples).

Zeta potential was also used to demonstrate the binding
of the anionic cPS-NPs to cationic PEI-GPs. The zeta
potential data in Figure 5 shows the binding of cPS-NPs to
cationic GPs as the zeta potential of the cationic GPs shift to
an anionic value (−25 mV). Further, the effective separation
of unbound cPS-NPs from the cPS-NP-GP sample is clear
as there is only one peak (cPS-NP-GP) and no evidence
of unbound cPS-NPs at ∼−50 mV. In contrast, the zeta
potential of the unmodified control GPs did not significantly
shift following incubation with 200 nm cPS-NPs.

Microscopic evaluation (Figures 6(a) and 6(b)) of these
samples confirmed the binding of the fluorescent nanoparti-
cles to the surface of PEI-GPs with the cPS-NP fluorescence
localized around the perimeter of the GP shells. Unmodified
control GPs did not show fluorescent cPS-NPs rosetting the
GPs. Flow cytometry was used to quantitate the binding
of fluorescent cPS-NPs to unmodified GP and PEI-GPs.
The results, shown in Figures 6(c) and 6(d), confirmed the
fluorescent cPS-NP binding to the PEI-modified GPs. Al-
though the number of 200 nm nanoparticles that can be
bound to the surface of modified GPs (∼70 cPS-NP/GP) is
significantly less than the number of 20 nm particles that can
be trapped inside GPs (>30,000 20 nm cPS-NP/GP), these
two NP formulation strategies allow the use of GPs for the
targeted drug delivery of drug-nanoparticle conjugates over
a wide range of NP sizes and surface chemistries. Figures 6(e)
and 6(f) show NIH3T3-D1 uptake of cPS-NP nanoparticles
bound to 25 k PEI-GP. These particle uptake experiments
demonstrate that cPS-NP electrostatically bound to PEI-GPs
are more efficiently delivered to phagocytic cells than cPS-
NP nanoparticles incubated with the control GP particles or
free cPS-NPs. Additionally, the cell uptake experiments us-
ing cPS-NP-PEI-GP samples confirmed the stability results
(Figure 3) of the electrostatically bound samples and that the
low level of PEI surface modification of GPs, or the binding of
anionic nanoparticles to the PEI-GP surface had no apparent
impact on glucan-mediated phagocytosis or cellular toxicity.

3.2. Use of Glucan Particles for the Delivery of Mesoporous
Silica Nanoparticles Loaded with Doxorubicin. Many types of
nanoparticles have been used for drug delivery and imaging

(i.e., silica nanoparticles, carbon nanotubes, gold nanoparti-
cles, polymeric nanogels, magnetic iron oxide nanoparticles,
quantum dots, and PLGA nanoparticles [1, 2, 39]). The drug
can be physically trapped within nanoparticles, or chemically
bound to the surface of the NPs. Methods have also been
developed to precisely control particle size. We chose to
study mesoporous silica nanoparticles (MSN) as a model sys-
tem with GPs because of their ease of synthesis and ability
to trap chemotherapeutic drugs (i.e., doxorubicin). A MSN
sample containing tetraethoxyorthosilicate (TEOS), amino-
propyltriethoxysilane (APTS), and 3-trihydroxysilylpropyl
methylphosphonate was synthesized following the procedure
reported by Lu et al. [32, 33]. The MSN was synthesized
by a co-condensation method and the phosphate compound
selected to have a larger alkyl chain than APTS to provide
a particle with the outermost surface groups corresponding
to anionic phosphate. This prevents aggregation of MSNs
from interparticle hydrogen bonding between surface silanol
groups and amine groups. Successful synthesis of this MSN
sample was confirmed by zeta potential (−31.1 ± 5 mV)
and DLS particle size measurements (MSN average size of
120 nm, polydispersity index PDI of 0.4). The broad particle
size distribution and large particle size prevented the use of
MSNs for loading inside GPs. However, the sample contained
anionic phosphate groups allowed for electrostatic binding to
the surface of cationic PEI-GPs.

MSN was loaded with the chemotherapeutic doxorubicin
(Dox), an anthracycline-type antitumor drug that exerts its
antiproliferative activity via DNA intercalation and inhibi-
tion of DNA synthesis leading to cell death [40, 41]. Limi-
tations in the use of Dox as an antitumor agent include
chronic or acute cardiotoxicity. Dox has been studied using
different nanoparticle delivery systems to enhance Dox deliv-
ery, minimize dosage, and reduce toxicity leading to the suc-
cessful development of a liposomal Dox formulation (Doxil).

Dox was loaded into MSNs in DMSO at target concen-
trations ranging from 0 to 2 μmol Dox/mg MSN. Following
MSN Dox loading, the Dox-MSN samples were washed
to remove unbound Dox. The amount of Dox loaded
into the MSN samples was quantified by measuring Dox
fluorescence extracted in methanol, and the results showed
that the binding of Dox to MSN was 0.06 μmol Dox/mg
MSN, representing 3% of the input load. This binding
is ∼5 times higher than Dox binding to a control MSN
sample without phosphate groups. Other groups have
reported similar Dox-binding capacities with phosphonate
functionalized MSNs (6–8% w/w) and have shown higher
binding to these functionalized MSNs compared to MSN
controls [42]. The Dox-MSN samples were stable in PBS (pH
7) enabling the electrostatic binding of anionic Dox-MSN
to the surface of cationic PEI-GPs. This binding reaction
was monitored by a fluorescence-binding assay (Figure 7),
zeta potential (Figure 8), and confirmed by fluorescent mi-
croscopy (Figure 8, inset). The fluorescence-binding assay
showed efficient and selective binding of Dox-MSN to PEI-
GP at low Dox-MSN concentrations. Higher concentrations
showed a reduction in binding efficiency likely due to sat-
uration of available PEI for binding of Dox-MSN. The
level of background binding of Dox-MSN nanoparticles to
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Figure 8: Zeta potential monitoring of Dox-MSN binding to (a) GP and (b) 25 k PEI-GP. Inset, fluorescent microscopic images of Dox-MSN
bound to GP (a) and 25 k PEI-GP (b). Samples were prepared with 25 fg Dox-MSN/GP (∼0.9 pg Dox/GP).
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Figure 9: Efficient GP-mediated Dox delivery into NIH 3T3-D1 (pictures were taken at 40x magnification).

unmodified GPs corresponds to the fraction of nanoparticles
that were not efficiently separated from the glucan particles.
This is seen in Figure 7, both Dox-MSN alone and Dox-MSN
with GP showed similar binding as a result of measuring
the fluorescence of Dox-MSN-free nanoparticles in the pellet

fraction. Dox-MSN-PEI-GP samples were incubated in 0.9%
saline, PBS with 10% fetal bovine serum (FBS), and sodium
acetate buffer (pH 5) at 37◦C for 24 h and evaluated by
fluorescence microscopy to confirm stability of Dox-MSN
binding to PEI-GP.
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Figure 10: Growth arrest of NIH 3T3-D1 cells with Dox formula-
tions (experimental results are the average of four samples).

Zeta potential measurements confirmed the selective
binding of Dox-MSN to PEI-GP. Dox-MSN had a negative
zeta potential corresponding to the outer phosphate groups
of MSN. Binding of anionic Dox-MSN to cationic PEI-
GP shifted the zeta potential of the PEI-GP sample from a
positive to a negative value. In comparison, the zeta potential
shift of the GP sample is minimal confirming that Dox-MSN
does not bind to unmodified GPs. Fluorescent microscopy
confirmed that Dox-MSN binds to cationic PEI-GP but not
GPs.

The Dox-MSN-GP and Dox-MSN-PEI-GP samples were
tested for intracellular Dox delivery, and antiproliferative and
cytotoxic activities in the NIH 3T3-D1 cell line. This cell line
has been genetically modified to express the Dectin-1 glucan
receptor and efficiently phagocytoses GPs. Figure 9 shows
that Dox-MSN-PEI-GP more effectively delivered Dox into
NIH3T3-D1 cells than Dox-MSN-GP or Dox-MSN after 3-
hour incubation.

Cells were incubated with varying concentrations of
Dox-MSN-PEI-GP, Dox-MSN-GP, free Dox-MSN, or free
Dox to assess antiproliferative and cytotoxic activities over 48
hours of incubation. Unincorporated materials were washed
away after 3 hours of incubation, a sufficient period of
time for efficient GP uptake by NIH 3T3-D1 cells, and the
growth and viability of the cells were followed. High concen-
trations of free Dox or Dox-MSN (>2.5 μg Dox-MSN con-
taining ∼0.15 nmol Dox) inhibited cell growth (>60%). As
seen in Figure 10 at a concentration of 0.015 nmol Dox the
Dox-MSN-PEI-GP samples showed similar effect as free
Dox, but free Dox-MSN or Dox-MSN-GP samples showed
less growth inhibition. Below the minimum inhibitory con-
centration (MIC) of free Dox (0.0015 nmol Dox), there is still
a significant growth inhibition (20–30%) by the Dox-MSN-
PEI-GP formulation (Figure 10) showing the increased effi-
cacy of GP-targeted delivery of Dox-MSN-PEI-GP. Other
groups have reported the use of MSN for delivery of other
chemotherapeutics (i.e., camptothecin) and showed a 10-
fold reduction in the drug concentration compared to free
drug to achieve 50% cell death [32, 33]. The use of PEI-GP
for Dox-MSN delivery allows for a reduction in drug dosage
compared to free Dox or Dox-MSN demonstrating the
advantage of GP-targeted delivery. Future work will focus on
optimization of Dox incorporation into nanoparticles and

controlled release of Dox from MSN and other nanoparticles
(i.e., gold nanoparticles) to improve cytotoxicity of Dox NP-
GP formulations. These formulations will be evaluated in
dividing tumor cells (i.e., NIH 3T3-D1) and nondividing
primary macrophages, and in cocultivation macrophage-
tumor cell assays to test the hypothesis that macrophages can
act as cell-based carriers of GP-NP-Dox formulations into
tumors. Optimal GP-Dox NP-GP formulations will be test-
ed in vivo for targeted macrophage Dox delivery and accu-
mulation in tumors.

4. Conclusions

We have developed two strategies for the targeted deliv-
ery of nanoparticles into phagocytic innate immune cells.
Nanoparticles of less than 30 nm in diameter were encapsu-
lated within the hollow cavity of GPs (∼36,000 NPs/GP for
20 nm NPs). Larger anionic nanoparticles (>100 nm) were
electrostatically bound to the surface of GPs derivatized
with the cationic polymer PEI allowing for delivery of
∼70 NPs/GP. Mesoporous silica nanoparticles (120 nm) con-
taining doxorubicin were electrostatically bound to PEI-GPs
providing for the targeted delivery of the Dox-MSN-PEI-GPs
to cells capable of phagocytosing glucan particles. At Dox lev-
els below an effective free-drug concentration, an equivalent
amount of Dox-MSN-PEI-GPs efficiently delivered sufficient
Dox to inhibit the growth of the GP-phagocytic cell line NIH
3T3-D1. These results demonstrate that the NP-GP delivery
system offers the potential of GP-mediated macrophage-
targeted delivery of multiple nanoparticles in a single uptake
event providing for high efficiency intracellular drug delivery.
The possibility that macrophages can serve as Trojan horses
carrying and releasing the drug into solid tumors may fur-
ther enhance the in vivo Dox-MSN-PEI-GP antitumor effect.
We are currently studying a variety of drug loaded nanopar-
ticulate formulations that may provide advantages of higher
drug binding capacity and the possibility of controlled re-
lease. In addition, the use of certain types of nanoparticles
(i.e., gold nanoparticles, magnetic iron oxide) may add ther-
anostic properties to the NP-GP delivery system.
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Nanotechnology has prompted new and improved materials for biomedical applications with particular emphasis in therapy
and diagnostics. Special interest has been directed at providing enhanced molecular therapeutics for cancer, where conventional
approaches do not effectively differentiate between cancerous and normal cells; that is, they lack specificity. This normally
causes systemic toxicity and severe and adverse side effects with concomitant loss of quality of life. Because of their small size,
nanoparticles can readily interact with biomolecules both at surface and inside cells, yielding better signals and target specificity for
diagnostics and therapeutics. This way, a variety of nanoparticles with the possibility of diversified modification with biomolecules
have been investigated for biomedical applications including their use in highly sensitive imaging assays, thermal ablation, and
radiotherapy enhancement as well as drug and gene delivery and silencing. Here, we review the available noble metal nanoparticles
for cancer therapy, with particular focus on those already being translated into clinical settings.

1. Introduction

Cancer is one of the leading causes of mortality in the
modern world, with more than 10 million new cases every
year [1]. It is well established that cancer is a multifacto-
rial disease caused by a complex mixture of genetic and
environmental factors [2–4], where considerable advances
have led to a more comprehensive understanding of cancer
at the genetic, molecular, and cellular levels providing new
targets and strategies for therapy [5]. Nevertheless, these
advances have yet to be effectively translated into functioning
diagnostics and therapy. For example, the effectiveness of
many anticancer drugs is limited due to the inability to reach
the target site in sufficient concentrations and efficiently
exert the pharmacological effect without causing irreversible
unwanted injury to healthy tissues and cells [6, 7].

The technological leap of controlling materials at nano-
scale provides for a “big revolution” in medical and health-
care treatments and therapies [8, 9]. Nanotechnology offers
a wealth of tools to diagnose and treat cancer—new imaging
agents, multifunctional, targeted devices capable of bypass-
ing biological barriers to deliver therapeutic agents directly

to cells and tissues involved in cancer growth and metastasis,
monitor predictive molecular changes allowing preventive
action against precancerous cells, and minimizing costs and
side effects [5, 10, 11]. Nanotechnology-based therapies for
cancer with minimal side effects and high specificity are on
the surge, where the main challenge is to develop a system
for molecular therapy capable of circulating in the blood
stream undetected by the immune system and recognize
the desirable target, signaling it for effective drug delivery
or gene silencing with minimum collateral cell damage—
nanovectorization. As a result, personalized medicine could
become a reality in cancer patient management.

Nanoparticles (NPs), and noble metal NPs in particular,
are versatile agents with a variety of biomedical applications
including their use in highly sensitive diagnostic assays [12,
13], thermal ablation, and radiotherapy enhancement [14–
17], as well as drug and gene delivery [18–21]. Moreover,
noble metal NPs have been proposed as nontoxic carriers
for dru and gene-delivery applications [22–24]. Additionally,
the nanoparticle-based systems can provide simultaneous
diagnostic and therapy, that is, Theranostics, exploring
their unique properties for better penetration of therapeutic
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Figure 1: Noble metal NPs for cancer therapy. Once the tumor is directly connected to the main blood circulation system, NPs can exploit
several characteristics of the newly formed vasculature and efficiently target tumors. Tumor cells are supplied by blood capillaries that perfuse
the cells of the tissue where NPs can (i) passively accumulate or (ii) anchor through targeting moieties to biomarkers overexpress by tumor
cells. NPs can act simultaneously as therapeutic agents, inducing hyperthermia, enhancing radiotherapy, silencing genes, and/or delivering
drugs to induce tumor cell death, and as imaging enhancers or contrast agents, to help tracking the therapeutic effects in real time.

moieties and tracking within the body, allowing a more
efficient therapy with a reduced risk in comparison to
conventional therapies [25]—see Figure 1.

The unique characteristics of noble metal NPs, such
as high surface-to-volume ratio, broad optical properties,
ease of synthesis, and facile surface chemistry and func-
tionalization hold pledge in the clinical field for cancer
therapeutics [22, 26, 27]. Noble metal NPs (e.g., gold,
silver, or a combination of both) present highly tunable
optical properties, which can be easily tuned to desirable
wavelengths according to their shape (e.g., nanoparticles,
nanoshells, nanorods, etc.), size (e.g., 1 to 100 nm), and
composition (e.g., core/shell or alloy noble metals), enabling
their imaging and photothermal applications under native
tissue [28, 29]. These NPs can also be easily functionalized
with various moieties, such as antibodies, peptides, and/or
DNA/RNA to specifically target different cells [30] and with
biocompatible polymers (e.g., polyethylene glycol and PEG)
to prolong their in vivo circulation for drug and gene delivery
applications [23, 24]. Moreover, they can efficiently convert
light or radiofrequencies into heat, thus enabling thermal
ablation of targeted cancer cells [31, 32].

In this paper, we will focus on the application of noble
metal NPs for cancer therapy with particular emphasis on
their use in vivo and their potential to be translated into
clinical settings.

2. Therapy

In medical terms, a therapeutic effect is a consequence of
a medical treatment of any kind, the results of which are

judged to be desirable and beneficial [33]. Conventional
therapy methods in cancer involve the employment of agents
that do not greatly differentiate between cancerous and
normal cells, leading to systemic toxicity and adverse and
severe side effects [34]. Efficient in vivo targeting to hetero-
geneous population of cancer cells and tissue still requires
better selectivity and noncytotoxicity to surrounding healthy
cells. However, universally targeting cells within a tumor
is not always feasible, because some drugs cannot diffuse
efficiently and the random nature of the approach makes
it difficult to control the process and may induce multiple-
drug resistance—a situation where chemotherapy treatments
fail due to resistance of cancer cells towards one or more
drugs [7]. Making use of their extraordinary properties,
nanotechnology-based systems could offer a less-invasive
alternative, enhancing the life expectancy and quality of life
of the patient [35]. Among these, the potential therapeutic
application of noble metal NPs represents an attractive
platform for cancer therapy in a wide variety of targets and
clinical settings [36, 37].

2.1. Tumor Targeting. It is expected that the greatest gains
in therapeutic selectivity will be achieved by synergistic
combinations of several multicomponent targeting strate-
gies that is capable of simultaneously target and deliver
multiple therapeutic agents while avoiding the organism’s
biological and biophysical barriers. NPs targeting strategies
to cancerous tissues have focused on passive and active
targeting. In passive targeting, because numerous tumors
present defective vasculature and poor lymphatic drainage
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due to the rapid growth of solid tumors, noble metal NPs can
extravasate into the tumor stroma through the fenestrations
of the angiogenic vasculature, demonstrating targeting by
enhanced permeation and retention, thus accumulation at
the tumor site [6, 8, 38]. Additionally, functionalization
of the NP’s surface with hydrophilic molecules, such as
PEG, can also greatly increase their solubility, help evading
macrophage-mediated uptake and, thus, avoid removal from
the systemic circulation and protect their carriers from
enzymatic degradation when used in vivo [30]. For active
targeting, NPs can be easily functionalized with a wide
variety of biological moieties, such as antibodies, peptides,
and/or DNA/RNA to specifically target extracellular and
intracellular receptors or pathways [30]. The use of NPs
functionalized with multiple peptides or antibodies, such as
monoclonal antibodies, have been described to successfully
target specific cell surface proteins or receptors on cancer
cells and further direct their antitumor action, leading to
tumor cell death with minimal damage to collateral healthy
cells [36, 39–41]. In nucleic-acid functionalized NPs, DNA
and RNA macromolecules can be used to simultaneously tar-
get specific sequences and exert their genetic-based therapy
[42, 43].

To help tracking noble metal NPs in vivo and enhance
the imaging properties of such moieties, leading to more
efficient control of their therapeutic properties, they can also
be functionalized with chemical moieties, such as Raman
[44, 45] or fluorescent [46, 47] reporters.

2.2. Gene Silencing. Antisense DNA [48, 49] and RNA
interference (RNAi) via the use of small-interfering RNA
[50–53] have emerged as a powerful and useful tools to block
gene function and for sequence-specific posttranscriptional
gene silencing, playing an important role in downregulation
of specific gene expression in cancer cells.

Small interfering RNAs (siRNAs) can be transfected into
mammalian cells by a variety of methods that influence the
strength and duration of the silencing response, which in
turn is affected by the amount of siRNA that is delivered
and on the potential of each siRNA to suppress its target.
Thus, one drawback of using naked siRNAs is that they show
extremely short half-lives, weak protection against action by
RNases, poor chemical stability, and common dissociation
from vector [54]. In fact, the major obstacle to clinical appli-
cation is the uncertainty about how to deliver therapeutic
RNAs (e.g., miRNA and/or siRNA) with maximal therapeu-
tic impact. Nanotechnology offers an unprecedented oppor-
tunity to overcome these problems, as nanoscale devices, due
to their small size, can readily interact with biomolecules on
both the surface of cells and inside of cells for longer periods
of time [10]. Gold NPs (AuNPs) have shown potential as
intracellular delivery vehicles for antisense oligonucleotides
[55] and for therapeutic siRNA by providing protection
against RNAses and ease of functionalization for selective tar-
geting [42, 43]. For example, Mirkin and coworkers showed
that AuNPs attached to single-stranded oligodeoxynu-
cleotides can be used for gene therapy, providing a highly effi-
cient gene regulator in terms of high loading of the antisense
DNA with no toxicity at the concentrations studied [55].

They have also shown that polyvalent RNA-AuNP conjugates
are readily taken up by cells and that the particle bound
siRNA could effectively regulate genes in the context of RNA
interference [42]. AuNPs modified with the hydrophilic PEG
polymer, siRNAs and then coated with poly(β-aminoester)s
have been shown to facilitate high levels of in vitro siRNA
delivery and gene silencing in human cells [56]. Also, Braun
et al. developed an Au-nanoshell functionalized with TAT-
lipid layer for transfection and selective release of siRNA [57],
where the TAT-lipid coating was used to efficiently mediate
the cellular uptake of the nanoconjugates and the siRNA
release was dependent on near-infrared (NIR) laser pulses.
The authors demonstrated that this NIR strategy for siRNA
release was proficient and time dependent.

Several other studies using engineered NPs modified with
siRNA have demonstrated a cytoplasmic delivery system of
siRNA and efficient gene silencing using AuNPs [42, 56, 58–
60].

2.3. Hyperthermia. Hyperthermia is based on the effect
increasing temperatures have on living cells, and it is
commonly accepted that above 42◦C cell viability is strongly
reduced. In fact, hyperthermia effects can range from
moderate denaturation of blood and extracellular proteins
to induction of apoptosis and, above 50◦C, to cell death
and tissue ablation [61]. Hyperthermia therapy in cancer
has been widely used either via direct irradiation or suitable
temperature vectors, such as metal NPs [62]. In nanoparticle-
mediated hyperthermia for cancer, NPs heat up cancerous
cells beyond their temperature tolerance limits, which are
lower than normal healthy tissue due to their poor blood
supply, killing them selectively. This can be achieved by
exposing the entire patient or the targeted area to an
alternating current magnetic field, an intense light source
or radiofrequencies which will cause the NPs to heat up
and induce thermal ablation of the tumor. One of the
most widespread examples of hyperthermia mediated by
NPs, magnetic NPs have been introduced in the body
through magnetic delivery systems or local injection to the
affected area [63]. The first in vivo Phase II clinical trials
of magnetic NP hyperthermia were undertaken in Germany
in 2005 [64] by injecting the prostate of cancer patients
with biocompatible magnetite NPs. Successful results were
obtained using minimally invasive ablation of the tumor in
an AC magnetic field after several sessions.

Noble metal NPs have thoroughly been used as pho-
tothermal agents for in vivo therapy as a less invasive experi-
mental technique that holds great promise for the treatment
of cancer [65]. It combines two key components: (i) light
source, such as lasers with a spectral range of 650–900 nm
[66] for deep tissue penetration and (ii) optical absorbing
NPs which efficiently transforms the optical irradiation into
heat on a picosecond time scale, thus inducing photothermal
ablation [67, 68]. For example, Huang and coworkers
demonstrated that Au-nanorods are effective photothermal
agents due to their longitudinal absorption band in the NIR
on account of their SPR oscillations [65, 66, 69]. Small diam-
eter Au-nanorods are being used as photothermal converters
of near infrared radiation (NIR) for in vivo applications due
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to their high absorption cross-sections beyond the tissue
absorption spectra. Since NIR light transmits readily through
human skin and tissue, these nanorods can be used as
ablation components for cancer [70, 71]. Other gold nanos-
tructures such as Au-nanoshells [72–74], Au-nanocages
[67, 75, 76], and spherical AuNPs [77] have also demon-
strated effective photothermal destruction of cancer cells and
tissue. PEG-modified Au-nanoshells (Silica/Au core/shell
NPs) injected intravenously in tumor-bearing mice showed
to passively accumulate in the tumor tissue due to the
leakiness of the tumor vasculature. The rapid heating of Au-
nanoshells upon NIR laser irradiation allowed for effective
photothermal ablation of tumor in the mouse [78]. A similar
approach was used by Terentyuk et al., where plasmonic sil-
ica/gold nanoshells were used to produce a controllable laser
hyperthermia in tissues, thus enhancing the photothermal
effect in cancer cells [79]. Sirotkina et al. described the use of
AuNPs for skin tumor therapy based on local laser-inducing
hyperthermia. After intravenous injection, the AuNPs accu-
mulated in the skin tumor cells after 4-5 hours and induced
apoptotic death of tumor cells, completely inhibiting the
tumor growth after just five days of treatment [80].

The photothermal properties of AuNPs can also be used
to generate transient vapor nanobubbles in order to produce
a tunable nanoscale theranostic agent, described as plas-
monic nanobubbles [81]. These nanobubbles are generated
when the AuNPs are locally overheated with short laser
pulses, due to the evaporation of a very thin volume of
the surrounding medium, which in turn creates a vapor
nanobubble that expands and collapses within nanoseconds.
Plasmonic nanobubbles have been successfully applied as an
in vivo tunable theranostic cellular agent in zebrafish hosting
prostate cancer xenografts and in leukemia cells of human
bone marrow specimens, presenting higher therapeutic
selectivity when compared with AuNPs alone [82, 83]. The
use of noninvasive radiowaves at 13.56 MHz have also been
shown to induce heat in AuNPs and thermally destroy tumor
tissue [84]. In vivo rat exposures to 35 Watts using direct
AuNPs injections resulted in significant thermal injury at
subcutaneous injection sites. Radio waves have the advantage
of presenting significantly better penetration on tissue than
NIR light, making them more efficient for deeper solid
tumors [85]. Nonetheless, despite their greater depth of
penetration, there is also greater energy attenuation by tissue.

Gold-silver-(AuAg-) nanorods labeled with molecular
aptamers proved to require up to six orders of lower laser
power irradiation to induce cell death when compared to Au-
nanoshells or Au-nanorods [86]. These aptamer Scg8-AuAg-
nanorods conjugates presented excellent hyperthermia effi-
ciency and selectivity to CEM cells, exceeding the affinity of
the original aptamer probes alone. Bimetallic AuAg-nano-
structures with a dendrite morphology and hollow interior
have also been developed as photothermal absorbers to
destroy A549 lung cancer cells [87]. The photothermal per-
formance of such dendrites required lower NP concentra-
tions and laser power for efficient cancer cell damage when
compared to Au-nanorods photothermal therapeutic agents.
Likewise, Cheng and coworkers evaluated the photothermal
efficiencies of three Au-based nanomaterials (silica@Au-

nanoshells, hollow Au/Ag nanospheres and Au-nanorods) at
killing three types of malignant cells (A549 lung cancer cells,
HeLa cervix cancer cells, and TCC bladder cancer cells) using
a CW NIR laser [88]. Silica@Au-nanoshells needed the low-
est NP concentration for effective photo-ablation, whereas
hollow Au/Ag nanospheres and Au-nanorods needed incre-
asingly higher concentrations.

Gold has also been used together with magnetic or para-
magnetic materials to enhance the photothermal effect and,
thus, increase cancer cell death [89, 90].

2.4. Drug Delivery. The vast majority of clinically used drugs
for cancer are low molecular-weight compounds that diffuse
rapidly into healthy tissues being evenly distributed within
the body, exhibit a short half-life in the blood stream and a
high overall clearance rate. As a consequence, relatively small
amounts of the drug reach the target site, and distribution
into healthy tissues leads to severe side effects. Poor drug
delivery and residence at the target site leads to significant
complications, such as multidrug resistance [91]. As seen
above, nanoparticles can be used as vectors for targeting
cancer tissue/cells so as to optimize biodistribution of drugs.
The NPs’ performance as drug vectors depends on the size
and surface functionalities of the particles, drug release rate,
and particle disintegration. These systems show evidence of
enhanced delivery of unstable drugs, more targeted distribu-
tion and capability to evade/bypass biological barriers.

AuNPs have already been used as vehicles for the delivery
of anticancer drugs, such as paclitaxel- [92] or Platinum-
(Pt-) based drugs (e.g., cisplatin, oxaliplatin, etc.) [93, 94].
Gibson et al. described the first example of 2 nm AuNPs cova-
lently functionalized with the chemotherapeutic drug pacli-
taxel [92]. The administrations of hydrophobic drugs require
molecular encapsulation, and it is found that nanosized
particles are particularly efficient in evading the reticuloen-
dothelial system [95]. Gold-gold sulfide nanoshells covered
by a thermosensitive hydrogel matrix have been developed as
a photothermal modulated drug-delivery system [96]. These
nanoshell-composite hydrogels were designed to strongly
absorb NIR light and release multiple bursts of any soluble
material held within the hydrogel matrix in response to
repeated NIR irradiation. More recently, Yavuz and cowork-
ers developed a similar approach using 50-nm hollow Au-
nanocubes (nanocages) with eight lopped-off porous corners
covered by a thermosensitive polymer containing a preloaded
effector that can be later released in a controllable fashion
using an NIR laser [18].

2.5. Radiotherapy. Radiotherapy uses ionizing radiation for
cancer treatment to control the proliferation of malignant
cells. Nonetheless, the delivery of a lethal dose of radiation to
a tumor while sparing nearby healthy tissues remains the
greatest challenge in radiation therapy. Noble metal NPs
can act as antennas, providing enhanced radiation targeting
with lower radiation doses, consequently avoiding damage
to healthy tissues. The irradiation may also be used to acti-
vate the NPs and set up the release of their cytotoxic action.
AuNPs, upon X-ray irradiation, can act as dose enhancers
and/or generate radicals that damage cancer cells and induce
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Figure 2: Multifunctional NP-based systems for tumor targeting, delivery and imaging. These innovative NPs comprise nucleic acids,
aptamers and anticancer drug molecules for delivery to the target tissue. Depending on the targeting mechanism, they can be on the surface
or inside the NPs. Responsive NPs/molecules can also trigger reaction upon external stimuli through the functionality of valuable tumor
markers, peptides, polymers and antibodies that can used to improve NP circulation, effectiveness and selectivity. Multifunctional systems
can carry reporter molecules tethered to the particle surface and employed as tracking and/or contrast agents.

cell apoptosis and have been proposed as potential radiosen-
sitizers for X-ray cancer therapy [97]. The use of this strategy
has led to improvement in the treatment on cancer cells
with little or no increase in harm to normal surrounding
tissues in mice models [15] and also in breast cancer [98].
More recently, Xu and coworkers studied the potential effects
on radiation-induced killing of glioma cells mediated by
10, 20, and 40 nm AuNPs and 20, 50, and 100 nm silver
nanoparticles (AgNPs), all modified with proteins from fetal
bovine serum [99]. Treating glioma cells with AgNPs led
to radiation dose-dependent cytotoxicity, with smaller size
particles (20 and 50 nm) being the most cytotoxic at relatively
harmless radiation doses. In this study, AuNPs showed little
effect on cell survival across different doses of ionizing
radiation, which contrasted with the results of previous
studies performed with AuNPs coated with PEG or amino
acids in mice colorectal adenocarcinoma and breast cancer
cells [15, 98]. Hypothetically, the different coatings of the
AuNPs used may be responsible for the different outcomes
observed.

The use of platinum NPs (PtNPs) as prominent radiation
sensitizers in radiotherapy cancer treatment showed strong
enhancement of the biological efficiency of radiations, lead-
ing to amplified lethal damage in DNA from tumor cells,
when compared to metal atoms [37].

3. Imaging
Along with their therapeutic capabilities, most noble metal
NPs can be used for the simultaneous actuation and tracking
in vivo—see Figure 2. Because light absorption from biologic
tissue components is minimized at near infrared (NIR)
wavelengths, most noble metal NPs for in vivo imaging and
therapy have been designed to strongly absorb in the NIR
so as to be used as effective contrast agents [100]. However,
noble metal nanomaterials, such as NPs, nanoshells, nan-
oclusters, nanocages, and nanorods, have showed widespread
application as contrast agents for in vivo cancer imaging:
those presenting a significant absorbance and scattering in
the NIR region [46, 101] or surface-enhanced Raman scat-
tering (SERS) [102], or as contrast agents for computed
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tomography (CT) [103], magnetic resonance imaging (MRI)
[104], optical coherence tomography (OCT) [105–107], and
photoacoustic imaging (PAI) [108]. Moreover, most noble
metal nanomaterials are capable of combining multiple
imaging modalities that can yield complementary informa-
tion and offer synergistic advantages over any single imaging
technique [109, 110].

Three-dimensional imaging can be achieved by com-
puted tomography (CT), where a series of plane-cross-secti-
onal images along an axis are interlinked by computer to
create a 3D image. Typically, the cross-sectional images are
acquired using X-ray radiation involving larger radiation
doses than the conventional X-ray imaging procedures,
which could lead to increased risk to public health [111].
The use of ∼30 nm PEG-coated AuNPs for in vivo CT con-
trast agent was shown to increase image contrast, which
allows to reduce the radiation dosage needed, allow to
overcome the limitations of conventional contrast agents
(e.g., iodine-based compounds), such as short imaging times
due to rapid renal clearance, renal toxicity, and vascular
permeation [103]. Hybrid NPs with a super-paramagnetic
iron oxide/silica core and a gold nanoshell, with significant
absorbance and scattering in the NIR region, have been used
in vivo as dual contrast agents for CT and magnetic resonance
imaging (MRI) presenting high CT attenuation and a good
MR signal in hepatoma, compensating for the weakness of
each modality [112].

Optical coherence tomography (OCT) is an imaging
modality that provides cross-sectional subsurface imaging of
biological tissue with micrometer scale resolution. The extra
scattering achieved by using Au-nanoshells has been shown
to provide an enhanced optical contrast and brightness for
improved diagnostic imaging of tumors in mice due to the
preferential accumulation of the nanoshells in the tumor.
[78]. Tseng et al. developed nanorings with a localized
surface plasmon resonance covering a spectral range of
1300 nm that produced both photothermal and image
contrast enhancement effects in OCT when delivered into
pig adipose samples [113]. Moreover, the image contrast
enhancement effect could be isolated by continuously
scanning the sample with a lower scan frequency, allowing to
effectively control the therapeutic modality. Similarly, gold
capped nanoroses have been used in photothermal OCT to
detect macrophages in ex vivo rabbit arteries [114].

Photoacoustic imaging (PAI) and photoacoustic tomog-
raphy (PAT) are noninvasive imaging techniques capable of
resolving the optical absorption map of tissue at penetration
depths akin with ultrasound imaging. Wang and coworkers
have used this technique to image the distribution of Au-
nanoshells circulating in the vasculature of a rat brain by
achieving a gradual enhancement of the NIR optical absorp-
tion in the brain vessels [115]. These Au-nanocages enhanced
the contrast between blood and the surrounding tissues
by up to 81%, allowing a more detailed image of vascular
structures at greater depths. Additionally, these nanocages
were shown to be better suited for in vivo applications,
specially due to their more compact size (<50 nm compared
to >100 nm for Au-nanoshells) and larger optical absorption
cross sections when compared to Au-nanoshells. Gold-nano-

rods show the maximum of the plasmon resonance tuned
further into the NIR that allowed Motamedi et al. to develop
a contrast agent for a laser optoacoustic imaging system
for in vivo detection of gold nanorods and to enhance the
diagnostic power of optoacoustic imaging [116]. Song et al.
proposed a noninvasive in vivo spectroscopic photoacoustic
sentinel lymph node mapping using gold nanorods as lymph
node tracers in a rat model [117].

Also, noble metal NP probes can be used for in situ
diagnostics of cancer. For example, NP-based NIR probes can
overcome several limitations of conventional NIR organic
dyes, such as poor hydrophilicity and photostability, low
quantum yield and detection sensitivity, insufficient sta-
bility in biological systems, and weak multiplexing capa-
bility. Additionally, the high scattering properties of these
NPs can enhance contrast of imaging systems based on
microscopy, such as dark-field or dual-photon lumines-
cence microscopy. Zhang et al. developed fluorescent metal
nanoshells as molecular imaging agents to detect single
microRNA (miRNA) molecules in lung cancer cells [47].
These metal nanoshells were composed of silica spheres
with encapsulated Ru(bpy)3

2+ complexes as core and thin
silver layers as shell. The silver shell allowed to enhance
emission intensity up to 6-fold and photostability by 2-fold,
as well as to achieve longer lifetime emission signals that
overcome cellular autofluorescence interference. Loo et al.
demonstrated the use of NIR scattering Au-nanoshells as a
contrast agent in dark-field microscopy to target antihuman
epidermal growth factor receptor 2 (HER2), a clinically
significant breast cancer molecular marker [72]. These Au-
nanoshells were also used by Bickford et al. for imaging
live HER2-overexpressing cancer cells using two-photon
microscopy [118].

Surface-enhanced Raman scattering (SERS) using Au-
or AgNPs with an attached reporter species with a Raman
signature can be explored to highlight cellular structures
and provide molecular structural information on the cellular
environment in live cells [119, 120]. The use of such NPs
allows for higher spectral specificity, multiplex capabili-
ties, improved contrast and photostability to Raman-based
imaging techniques. In situ monitoring of photothermal
nanotherapy of LNCaP human prostate cancer cells by SERS
was a significant enhancement of the Raman signal intensity
by several orders of magnitude that have been observed [44].

4. Toxicity

Both in vivo and in vitro, nanoparticles have a tendency to
accumulate within various types of cells with special affinity
for macrophage-type cells (both histiocytes and blood
phagocytic cells) and reticuloendothelial cells throughout the
body. They also produce varying degrees of bioaccumulation
in such tissues as lymph nodes, bone marrow, spleen,
adrenals, liver, and kidneys [121–123]. The NPs size plays
an important role in avoiding immune activation and
renal clearance, thus enhancing their circulating time and
availability for effective therapy. For example, hydrophilic
NPs ranging in size between 10 and 100 nm are small enough
to slow down activation of the mononuclear phagocyte
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system but are big enough to avoid renal filtration [8].
Research shows that NPs can stimulate and/or suppress
the immune responses and that their compatibility with
the immune system is largely determined by their surface
chemistry. In fact, the influence of size, solubility, and surface
modification on the biocompatibility of NPs and their use in
biological applications is well known [122]. In terms of acute
toxic effects to cells, noble metal NPs have been shown to
induce DNA damage and oxidative damage [124–126].

Generally, AuNPs are considered to be benign, but the
size similarity to biological molecules could provide “cam-
ouflage” to cellular barriers, leading to undesired cellular
entry which might be detrimental to normal cellular function
[127]. A systematic investigation of the size-dependent
cytotoxicity of AuNPs against four cell lines found that 1
to 2 nm AuNPs displayed cell-type-dependent cytotoxicity
with high micromolar IC50s, whereas 15 nm AuNPs were
nontoxic to cells at concentrations 60-fold higher than the
IC50 of the smaller AuNPs [128]. These results seemed
to confirm size-dependent toxicity of AuNPs, an inference
that has hitherto been shown to be somewhat ambivalent
[129–134]. In fact, Yen et al. showed that AuNPs, especially
those of smaller sizes, dramatically led to a decrease in the
population of the macrophages and upregulated the expres-
sions of proinflammatory genes interlukin-1, interlukin-6,
and tumor necrosis factor alpha [135]. Sun et al. studied
the in vivo toxicity of AuNPs according to their shape in
KM mice showing that rod-shaped AuNPs were the most
toxic, followed by cube-shaped AuNPs, while sphere-shaped
AuNPs displayed the best biocompatibility, revealing that
toxicity is shape dependent. Moreover, this study revealed
that all AuNPs accumulated preferentially in the liver and
spleen organs [136]. Nonetheless, it is worth pointing out
that CTAB (a cationic surfactant commonly used for Au-
nanorods synthesis) was also recently pointed out as the
source of Au-nanorods’ cytotoxicity, which may explain their
toxicity in the previous studies [137].

Silver NPs are generally considered more toxic than
AuNPs, with several studies showing that cell exposure
to AgNPs induced significant cytotoxicity [138–141]. Con-
versely, Yen et al. determined a lower cytotoxicity of AgNPs
than that of the AuNPs and attributed this difference to
the surface charges between NPs, which can explain the
discrepancy with other studies related to AgNPs cytotoxicity
[135].

As for platinum, the cytotoxicity of 5–8 nm PtNPs capped
with polyvinyl alcohol (PVA) has been addressed in human
cells, where PtNPs were shown to enter the cells through dif-
fusion, leading to an increase in DNA damage, proliferating
cell nuclear antigen-mediated growth arrest and apoptosis
[126]. Asharani et al. performed a comparison between
toxicity of 3–10 nm Pt-, 5–35 nm Ag-, and 15–35 nm AuNPs
capped with PVA in developing zebrafish embryos, conclud-
ing that AgNPs were the most toxic, followed by PtNPs, while
AuNPs presented no indication of toxicity [142].

Even though we have focused our attention on the toxi-
city aspects of the different noble metal nanoparticles based
mainly on size and metal, attention should also be brought
upon other properties of the nanoconjugates, such as surface

chemistry, shape, and administration pathways. In fact,
surface chemistry (e.g., functionalization with biomolecules,
stabilizers, etc.) constitutes another interface of interaction
with the organism’s proteins and cells, which in term may be
associated with unspecific adsorption or specific recognition
by the immune system, thus contributing to the overall
effects of the use of the nanoparticles. The interaction with
the immune system contributes not only for the specificity
of the targeting (passive and/or active), but also towards
the toxicological effect of nanoconjugates (see [122] and
references therein).

5. Conclusions

Nanotechnology has provided for novel and powerful sys-
tems that may be used treatment and diagnostic of cancer. In
vivo demonstrations of noble metal NPs as theranostic agents
are now emerging and serve as important milestones towards
clinical application. Nonetheless, the majority of products,
reagents and drugs being used for the development of these
nanoscale theranostic agents have still to be approved by the
main supervising agencies, such as the FDA and EMA. Thus
far, there are some questions whose answers still provide
no clear understanding about the design and application
of NPs, such as pharmacokinetics, biodistribution and side
effects of the nanotherapy, and safety profile of NPs before
and after conjugation and toxicity [10]. Are noble metal
NPs cytotoxic or biocompatible? And how can the NPs be
design to avoid these effects? These seem to question more
difficult to answer than previously believed. Most therapeutic
and imaging approaches based on noble metal NPs rely
on AuNPs, mostly due to their higher level of nontoxicity.
Nonetheless, a more comprehensive application of core/shell
or alloy noble metal NPs, that may allow combination of
the benefits of each noble metal into a single carrier, is still
to be thoroughly addressed. Even though there is not any
general mechanism for making NPs universally “nontoxic”
to all living cells and all organisms, there are important
findings that can be applied for increasing nanoparticle
biocompatibility and reducing cytotoxic interactions in vivo
and in vitro. In general, using the lowest NP dose to
get the desired response for the shortest period of time
seems to promote biocompatibility. The coating/capping
of a nanoparticle is also of the utmost relevance, since a
noncontinuous covering, the presence of cracks, roughness,
or interruptions could lead to complement or antibody
attachment, or dissolution of the coating by cell digestion,
decreasing bioavailability at target cell [143]. It is essential to
test nanoparticle/biological interactions experimentally and
modify the NPs for best biocompatibility with the cell in
order to eliminate damage to healthy tissue, guarding against
alterations in genetic/molecular function while killing the
abnormal cells. When interpreting NPs interactions with
biological cells and organisms, it is important to remember
that living systems may appear normal and be capable of
growth and function, but they may be genetically altered
in subtle ways following NP exposure, which can produce
serious consequences at some time in the distant future, such
as cancer itself.
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Noble metal nanoparticles have shown to be powerful
tools against cancer though still in need of further optimiza-
tion and characterization for full understanding of their
whole potential. It is now time to start translating these pro-
mising platforms to the clinical settings towards widespread
effective therapy strategies in the fight against cancer.
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Patented platform technologies have been used for the liposomal encapsulation of cisplatin (Lipoplatin) into tumor-targeted
110 nm (in diameter) nanoparticles. The molecular mechanisms, preclinical and clinical data concerning lipoplatin, are reviewed
here. Lipoplatin has been successfully administered in three randomized Phase II and III clinical trials. The clinical data mainly
include non-small-cell lung cancer but also pancreatic, breast, and head and neck cancers. It is anticipated that lipoplatin will
replace cisplatin as well as increase its potential applications. For the first time, a platinum drug has shown superiority to cisplatin,
at least in non-squamous non-small-cell lung cancer as reported in a Phase III study which documented a simultaneous lowering
of all of the side effects of cisplatin.

1. Introduction

Over the last twenty years, the effort to produce new, more
effective, and less toxic cytotoxic agents has been intensive,
in order to ameliorate the treatment of cancer patients.
One of the most effective agents since the late 1970s has
been cisplatin (CDDP) in patients with testicular cancer
[1], ovarian cancer [2], head and neck [3], and lung cancer
[4] as well as bladder cancer [5] and in other malignancies
[6, 7]. Cisplatin was established as being quite effective and
as one of the most important cytotoxic agents. It has mainly
been administered in combination with other agents. The
toxicity rendered by cisplatin has been its main drawback,
particularly nephrotoxicity [8–10]. After 1990, new agents
that did not cause nephrotoxicity were produced as a substi-
tute for cisplatin. Agents such as carboplatin [11] paclitaxel,
docetaxel, gemcitabine, vinorelbine, and irinotecan [12–
15] were used either in combination or as substitutes for
cisplatin [16, 17]. These agents succeeded in producing
no nephrotoxicity but did produce other toxicities such as
myelotoxicity, in comparison to cisplatin. The main example
was carboplatin, an analogue of cisplatin, which showed
no renal toxicity but produced higher myelotoxicity than
cisplatin. Carboplatin has often been used as a substitute for
CDDP [11, 12] in lung [15], head and neck, and ovarian

cancers [11]. The effectiveness of carboplatin was more or
less equal to that of CDDP but not better. For instance,
CDDP was shown to be more effective than carboplatin in
the most common lung cancer, adenocarcinoma [18]. The
other agents, previously mentioned, are mainly administered
in combination with CDDP than as a substitute for it. Over
all of the last twenty years, cisplatin has been in regular
usage since most oncologists still believe it has priority with
regard to effectiveness. Liposomal agents comprise another
direction which research is taking and several of these have
become part of clinical practice as is the case of liposomal
anthracycline. None of these agents has managed to become
a substitute for cisplatin, and they are used as second-line
treatment.

Our review article is related to a new formulation
of cisplatin, that is, liposomal cisplatin (lipoplatin). The
purpose of this agent is to become a substitute for the original
cisplatin, and, thus, the two drugs must be compared with
regard to toxicity and effectiveness.

There are preclinical data in cancer cell cultures and in
animals as well as clinical data which involve Phase I studies,
pharmacokinetics and Phase II and Phase III studies. The
data in 16 published studies are related to patients with
pancreatic cancer, non-small-cell lung cancer (NSCLC), head
and neck, and breast cancers.
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2. Lipoplatin: Formulation, Mechanisms,
and Technology

Cisplatin was formulated into liposomes as depicted in
Figure 1. The lipids of lipoplatin are composed of soy
phosphatidyl choline (SPC-3), cholesterol, dipalmitoyl phos-
phatidyl glycerol (DPPG), and methoxy-polyethylene glycol-
distearoyl phosphatidylethanolamine (mPEG 2000-DSPE).
The formulation was achieved by the formation of reverse
micelles between cisplatin and DPPG under special condi-
tions of pH, ethanol, ionic strength, and other parameters,
and the cisplatin-DPPG reverse micelles were subsequently
converted into liposomes by interaction with neutral lipids.
About 15 extrusions are performed to give to the nanoparti-
cles their final size of 110 nm, using a thermobarrel, extruder
and membranes of 0.2, 0.1, 0.08 and 0.05 µm pore sizes under
ultra pure nitrogen pressure.

The nanoparticles, 110 nm in diameter, have the ability to
target tumors and metastasis following intravenous admin-
istration using the compromised endothelium of the tumor
vasculature sprouted during neoangiogenesis; this process,
known as extravasation, takes advantage of the compromised
endothelium of the vasculature of the tumors generated
during neoangiogenesis. Lipoplatin has shown an amazing
concentration in tumors and metastases at levels up to
200-fold higher compared to the adjacent normal tissue in
surgical specimens from patients [19].

3. Molecular Mechanisms of
Cisplatin and Lipoplatin

After infusion, cisplatin is rapidly excreted in the urine
causing renal tubular damage. When it reaches normal and
malignant cells, it uses the major copper influx transporter
Ctr1 for entry inside the cytoplasm (Figure 2). Ctr1 has
been convincingly demonstrated to transport cisplatin and
its analogues, carboplatin, and oxaliplatin. Two copper efflux
transporters, ATP7A and ATP7B, regulate the efflux of
cisplatin [21].

The S-containing tripeptide glutathione is present in
cells at mM concentrations, and the formation of complexes
with cisplatin plays an important role in its detoxification
and biological activities. The depletion of glutathione levels
has been shown to increase the toxicity of cisplatin to
kidney cells. Cancer cells that are resistant to cisplatin often
have elevated glutathione levels. Glutathione could quench
DNA-Pt monofunctional adducts before they can rearrange
toxic bifunctional adducts on DNA. Human glutathione S-
transferase P1 (GSTP1) contributes to chemoresistance and
its suppression, decreasing the cisplatin-induced activation
of ERK1/2 and might have synergistic therapeutic effects
[22].

Cisplatin and other apoptotic stimuli trigger the release
of cytochrome c from the mitochondrial intermembrane
space to the cytosol, which induces the formation of the
apoptosome and the activation of procaspase-9, leading to
apoptosis. The apoptosome is an Apaf-1 cytochrome c com-
plex that activates procaspase-9. Cisplatin can also activate

the proapoptotic protein Bax, resulting in cytochrome c
release, caspase activation, and apoptosis; Bax activation
is implicated in the nephrotoxicity of cisplatin [23]. Bcl-
2 plays an important role in the mitochondrial apoptotic
pathway. Although the general role of Bcl-2 is antiapoptotic,
Bcl-2 fragments resulting by caspase cleavage after cisplatin
treatment of cells in culture could promote the apoptotic
process [24]. Lipoplatin, releasing cisplatin molecules in the
cytoplasm of the tumor cell, is also proposed to activate the
mitochondrial apoptotic cascade.

During signal transduction, a cell senses both the external
and internal environment and converts a stimulus into an
ordered sequence of phosphorylation-dephosphorylation,
protease degradation, gene regulation, or ion flux events,
across the cell membrane. Receptor tyrosine kinases con-
tribute to chemoresistance in tumors. A number of addi-
tional properties of cisplatin are now emerging including
the activation of signal transduction pathways leading to
apoptosis. The firing of such pathways may originate at the
level of the cell membrane after damage of the receptor or
lipid molecules by cisplatin, in the cytoplasm by modulation
of proteins via the interaction of their thiol groups with cis-
platin, (kinases, and other regulatory proteins and enzymes),
or finally from DNA damage via the activation of the DNA
repair pathways [25, 26].

Cisplatin induction of signaling is cell type, time and dose
dependent. It induces oxidative stress and is an activator of
stress-signaling pathways especially of the mitogen-activated
protein (MAP) kinase cascades. The extracellular signal-
regulated kinase (ERK) pathway is indeed activated by cis-
platin. The acquisition of cisplatin resistance by ovarian car-
cinoma cells was associated with the loss of ERK activation in
response to cisplatin [27]. ERK activation and DNA-damage
induced apoptosis are tightly linked; p53 may act as one of
the upstream regulators of ERK activation for the induction
of apoptosis in carboplatin-treated cervical cancer cells [28].
The treatment of cells with high cisplatin concentrations
(one order of magnitude higher than the IC50) induces cel-
lular superoxide formation and caspase activation indepen-
dently of nuclear DNA damage. In contrast, cisplatin concen-
trations at IC50 doses, which do not induce acute apoptosis,
are sufficient for the induction of DNA damage signaling
[29].

The PI3K/Akt cascade has an important role in the
resistance of ovarian cancer cells to cisplatin, and the
inhibition of PI3K/Akt increases the efficacy of cisplatin [30].
The Akt-specific inhibitor LY294005 increased the efficacy of
docetaxel, did not affect the efficacy of 6-thioguanine, and
decreased the efficacy of cisplatin, lipoplatin, oxaliplatin, and
lipoxal in human colorectal adenocarcinoma sublines, sug-
gesting a novel property of Akt in aggravating drug sensitivity
[31].

Cisplatin appears to exhibit synergistic effects with other
potent inducers of apoptosis such as a synthetic isothio-
cyanate; the sequential administration of both agents led to
increased intracellular platinum accumulation, glutathione
depletion, poly (ADP-ribosyl) polymerase cleavage, stimu-
lation of caspase-3 activity, upregulation of p53, FasL and
Gadd45alpha, cyclin B1 downregulation, and an increase
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Figure 1: Depiction of a lipoplatin nanoparticle (b). Cisplatin molecules are depicted as blue spheres surrounded by the lipid bilayer with
the PEGylated lipid sticking out like hair from the outer surface. Thus, this toxic substance, cisplatin, is camouflaged by its lipid shell as a
nutrient. This nanoparticle can pass undetected by macrophages after intravenous injection to human cancer patients because of its PEG
coating thus escaping immune surveillance [20]. c© CNRS Photothèque/SAGASCIENCE/CAILLAUD François.
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Figure 2: Penetration of lipoplatin nanoparticles through the cell membrane of tumor cells. lipoplatin nanoparticles once inside the tumor
cell mass can fuse with the cell membrane because of the presence of the fusogenic lipid DPPG in their lipid bilayer; an alternative mechanism
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Figure 3: Lipoplatin or DPPG-liposomes with fluorescent lipids enter rapidly MCF-7 breast cancer cells in culture. Time-course processing
of FITC-labeled DPPG-containing liposomes (a) and Lipoplatin (b) using confocal microscopy. At 5 min, the majority of the signal is
localized in the membrane. Lipids are rapidly internalized and at 4–24 hours, a strong signal is observed in the cytoplasm and at the
perinuclear area. These results demonstrate that lipoplatin or DPPG-liposomes nanoparticles are able to cross the cell membrane barrier
[20].

in mitogen-activated protein kinases JNK, ERK, and p38
phosphorylation as well as PI3K level alterations [32].

4. Resistance of Tumor Cells to Cisplatin
and a Role for Lipoplatin

The resistance of tumor cells to cisplatin is attributed to at
least four different mechanisms: (i) decreased levels of cis-
platin entrance to the cytoplasm or increased efflux through
the cell membrane, (ii) increased levels of glutathione, (iii)
modulation of signaling pathways, and (iv) enhanced levels
of DNA repair.

However, additional pathways have been found for
establishing the cisplatin resistant phenotype. For example,
the selection of ovarian carcinoma cells in culture in the
presence of cisplatin led to upregulated expression of the L1
adhesion molecule; this could constitute a mechanism for the
establishment of chemoresistance and of a more malignant
tumor phenotype [33].

The direct fusion of lipoplatin nanoparticles with the
membrane of the tumor cell (Figure 2) suggests that
lipoplatin can have applications after the failure of cisplatin
front-line chemotherapy and the development of cisplatin
resistance at the cell membrane level.

5. Preclinical Studies

A comparison of the cytotoxicity of lipoplatin and cisplatin
in vitro in established cell lines (derived from NSCLC,
renal cell carcinoma, and in normal hematopoietic cell
precursors), as well as the identification of biological markers
associated with sensitivity and resistance has rendered some
interesting data. ERCC1 and LRP expression levels appeared
to be valid predictors of sensitivity or resistance to both
drugs. A superior cytotoxicity in all tumor cell models and a
much lower toxicity in normal cells for lipoplatin compared
with cisplatin were found, suggesting a higher therapeutic
index for the liposomal compound [34].

Fedier et al. [35] investigated whether the cytotoxic effect
of lipoplatin is dependent on the functional integrity of DNA
mismatch repair (MMR). MMR is a postreplicative DNA
repair mechanism implicated in cell cycle control and apop-
tosis. MMR function was found to be a relevant determinant
accounting for the cytotoxicity of lipoplatin [35]. A possible
relationship between MMR-mediated cisplatin DNA damage
signaling, and the Akt signaling pathway was also found
[31].

The fusion between liposomes and the cell mem-
brane was suggested based on the fusogenic properties of
DPPG and lipids integrated into the shell of lipoplatin
(Figure 2). Subsequent cell culture studies where the lipids
of the lipoplatin nanoparticle were labelled with fluorescein
isothiocyanate (FITC) established the rapid uptake and
internalization of the nanoparticles (Figure 3). In these
studies the fluorescent nanoparticles were incubated with
MCF-7 breast cancer cells in culture for various times
ranging from 5 min to 24 h, and the cells were fixed and
visualized by confocal microscopy (Figure 3). Liposomes
containing DPPG without cisplatin were also used as a
control. The study has provided proof that the lipids of
lipoplatin labelled with FITC are transferred initially (in
less than 5 min) to the cell membrane of MCF-7 cells in
culture and are then (from 5 min to 24 h) docked to the
interior of the cell. The membrane fusion is proposed to
modulate signalling, an important process for cancer cell
proliferation.

The lower nephrotoxicity of lipoplatin, compared to
cisplatin, was shown in mice, rats, and SCID mice [36],
whereas animals injected with cisplatin developed renal
insufficiency with clear evidence of tubular damage, but
those injected with the same dose of lipoplatin were almost
completely free of kidney injury [36].

In order to explain the lower toxicity of lipoplatin
compared to cisplatin, the levels of total platinum in rat
tissue after cisplatin or lipoplatin injections were determined
at different time intervals. The maximum levels of total
platinum after cisplatin were found in the kidney followed by
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Figure 4: Kidney and other tissue accumulation of total platinum
after cisplatin injection of rats (0–5h) [20].

the plasma, liver, lung, spleen, heart, and brain, in those
tissues examined from 5 min to 5 h. At later times (up to
50 h), the order of the tissues with the highest levels of
platinum was the kidney, liver spleen, plasma, lung, heart,
and brain. A single treatment with 30 mg/kg lipoplatin in rats
resulted in no toxicity, whereas 2 or 3 weekly administrations
at 30 mg/kg in rats produced neutropenia but no nephrotox-
icity. However, a single injection of 5 mg/kg cisplatin in rats
resulted in severe nephrotoxicity. The levels of total platinum
attained in animal kidneys after cisplatin administration
are about the same as those after lipoplatin (Figure 4);
however, at about 1 h and up to 5 days, the levels of total
platinum are about 1 microgram after lipoplatin compared
to 5 micrograms after cisplatin administration (Figure 4).

After cisplatin injection, the kidneys accumulate the
highest levels of platinum among all of the animal tissues,
followed by the liver and the lung. One hour after lipoplatin
administration i.p., the kidney Pt levels drop from 13 to
3 µg/g tissue. The highest Pt levels among all of the animal
tissues are in the liver and spleen after 4 h i.p. administration
maintained for over 100 h.

The treatment of dogs with lipoplatin led to the conclu-
sion that the drug can be safely administered to clinically
normal dogs at dosages of up to 150 mg/m2 without the need
for concurrent hydration protocols. The maximum tolerated
dose (MTD) of unencapsulated cisplatin in dogs has been
established as 70 mg/m2. Therefore, lipoplatin would allow
the safe and repeated administration of doses higher than the
MTD of unencapsulated cisplatin [37].

The intrapleural administration of lipoplatin in an
animal model seems to offer a more effective therapeutic
index while improving tolerability. Wistar rats were treated
with doses of 10 mg/kg lipoplatin (intravenously) versus
10 or 20 mg/kg lipoplatin (intrapleurally) corresponding to
60 and 120 mg/m2, respectively, in humans. The authors
noted minor fibrotic changes in the pleura of rats injected
intrapleurally, and mild kidney changes in rats injected
intravenously, as expected [38].

6. Cellular Uptake and Cytoplasm/DNA
Distribution of Cisplatin versus Lipoplatin

The antineoplastic or radio-sensitizing activity of platinum
drugs is attributed to their binding to DNA. The time
course of accumulation of cisplatin, lipoplatin, oxaliplatin,
and lipoxal (liposomal oxaliplatin) in the human colorectal
cancer HCT116 cell line and their distribution between
the cytoplasm and DNA were measured by inductively
coupled plasma mass spectrometry. The distribution of
cytoplasm/DNA of free cisplatin and lipoplatin were similar.
However, lipoxal displayed a higher accumulation in the
cytoplasm compared to free oxaliplatin, consistent with its
proposed mechanism of fusion with the cell membrane [39].

The cytotoxicity and synergic effect of platinum com-
pounds with radiation were examined in F98 glioma cells.
Lipoplatin improved the cell uptake of cisplatin by 3-fold,
and its radiosensitizing potential was enhanced by 14-fold.
Among the five platinum compounds tested, carboplatin and
lipoplatin showed the best radiosensitizing effect. Lipoplatin
seemed the most promising since it led to the best cellular
incorporation and reduced all the toxicities of cisplatin [40].

7. Clinical Studies

7.1. Pharmacokinetics. In the administration of liposomal
cisplatin to humans, the target was to determine the
pharmacokinetics and adverse reactions. A Phase I study
of 27 patients with different malignancies was performed.
The drug was infused for 8 hrs every fourteen days at
escalating doses. The drug levels started at 25 mg/m2 and
were increased by 25 mg/m2 up to 125 mg/m2. Three-5
patients were selected for each dosage. Blood was taken
at certain time intervals in order to estimate the total
platinum plasma levels. For pharmacokinetics, blood was
drawn at 0, 3, 6, 8, 12, 24 hrs and 3, 5, 7 days, into tubes
containing EDTA, and total platinum levels (i.e., free plus
proteins bound plus liposomal) were analyzed by atomic
absorption. Total platinum was also determined in the
ultrafiltrate of less plasma. The maximum level attained in
the plasma was 5.7 µg/mL at 8 hrs. The levels of platinum
in the blood after lipoplatin infusion drop to normal on
the fourth day at a dose of 100 mg/m2, but at a dose of
125 mg/m2 platinum can be detected in the blood for 7
days (Table 1) [41]. Renal function tests (blood urea, serum
creatinine, and creatinine clearance) showed no change
before and after treatment. The excretion of platinum in
the urine in lipoplatin-treated patients attains a maximum
within 8 hrs (infusion period) and declines thereafter. During
the 3 following days (after infusion) 40.7% of the total
platinum was excreted in the urine. Toxicity was very mild
(grade 1 or 2 neutropenia and nausea/vomiting) at the
125 mg/m2 dosage level. In another trial, the tumor uptake
of lipoplatin was examined in comparison to normal tissue,
in 4 patients with hepatocellular adenocarcinoma, gastric
cancer, and colon cancer. Lipoplatin was administered to the
patients 24 hours before the surgery [19]. This study showed
liposomal cisplatin accumulation in tumors as compared to
normal tissue after the intravenous infusion of lipoplatin.
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Table 1: Pharmacokinetic parameters of total platinum in patients’ sera at the different dose levels.

Dose Pts AUC0∅A Cmax Cl Kel t1/2 Vss

mg/m2 (n) (h µg/mL) (µg/mL) (L/m2 h) (L/h) (h) (L/m2)

25 5 139.63 2.48 ± 1.18 0.18 0.0114 60.79 15.71

50 3 119.19 2.87 ± 0.59 0.42 0.0001 N/A N/A

100 5 172.89 3.74 ± 1.18 0.58 0.0059 117.46 98.03

125 4 256.09 5.65 ± 2.67 0.49 0.0085 81.53 57.42

N/A, not applicable.

Among the various surgical specimens examined, gastric
tumors revealed the highest levels of total platinum (up
to 262 µg cisplatin/gr tissue). The liver metastatic specimen
displayed a total amount of 131.15 µg platinum/gr of tissue
compared to 20.94 µg platinum/gr of normal liver tissue.
Both specimens of gastric tumors appeared to accumulate
the highest amounts of platinum among all specimens
analyzed in this study: 262.62 and 66.38 µg/gr of tissue.
The total platinum levels in the colon tumor specimens
were 11.26 and 7.69 µg platinum/gr of tissue compared to
0.06 µg/gr normal colon tissue [19].

7.2. Dose-Limited Toxicity and Maximum Tolerated Doses.
The human testing of this new agent primarily required the
definition of toxicity by investigating the MTD as well as the
dose-limited toxicity (DLT). Two Phase I and I-II studies
examined these objectives. The first trial was in patients
with advanced pancreatic cancer. The results showed that the
dosages which began to produce side effects were 100 mg/m2

and 125 mg/m2. But these dosages did not later prove
that this was the DLT since lipoplatin was combined with
gemcitabine, the latter which may have been responsible for
the toxicity [42]. The second study defined similar doses as
the DLT and MTD. This trial also used two agents, lipoplatin
and gemcitabine in pretreated patients with NSCLC. The
two drugs were repeated on day 8. The small number of
13 patients was not efficacious enough to determine ample
data concerning toxicity [43]. In both these aforementioned
studies, there was also a defect in that all of the patients
had undergone chemotherapy pretreatment when they were
recruited and the efficacy of lipoplatin was tested. A proper
third Phase I trial was eventually performed. The main
objective of this study was to determine the DLT and MTD
of lipoplatin tested as a single agent and in combination
with a second cytotoxic agent. The selected second agent was
paclitaxel. All of the patients had NSCLC. Adverse reactions,
mainly myelotoxicity, renal toxicity and gastrointestinal tox-
icity (nausea, vomiting, diarrhea) were determined. Sixty-six
patients were recruited and evaluated. Thirty-nine patients
comprised the group that received lipoplatin monotherapy,
and 27 patients were given lipoplatin in combination with
paclitaxel. In the first group, the dosage of lipoplatin started
at the level of 125 mg/m2 and the drug-dose escalation
increased to 350 mg/m2. It was determined that 350 mg/m2

was the DLT and 300 mg/m2 the MDT. In the group that
received combination therapy, the escalation of paclitaxel
started at 100 mg/m2 and went up to 175 mg/m2 and of

lipoplatin from 100 mg/m2 to 250 mg/m2. The results of
the combined treatment evaluation determined the DLT as
250 mg/m2 and the MTD, 200 mg/m2. Nausea, vomiting,
fatigue, and neutropenia were not higher than grade 1-2,
and other adverse reactions in a small percentage of patients
reached grade 3. In the combined modality, other side effects,
such as neurotoxicity, were observed, and this was attributed
to paclitaxel. Grade 1 nephrotoxicity was observed in a small
percentage of patients, but this was only temporary (Table 2)
[44].

Over the last five years, several Phase II and III trials
have been performed in different institutions and countries.
Lipoplatin has been tested in the following malignancies:
pancreatic cancer, head and neck cancer, mesothelioma,
breast and gastric cancer, and NSCLC. In pancreatic cancer,
lipoplatin was administered as second-line treatment in
combination with gemcitabine. The patients had initially
undergone gemcitabine monotherapy as first-line treatment
and were experiencing disease progression. The combination
of lipoplatin with gemcitabine rendered a response rate of
8% [42].

A trial was done concerning a combination of lipoplatin
120 mg/m2 plus 5-fluorouracil 400 mg/m2 and leucovorin,
both cytotoxic drugs administered weekly along with radio-
therapy. The cytotoxic agents were given on day 1 and
radiotherapy (dosage 3.5 Gy × 3, days 2, 3, 4) for four or five
weeks. This treatment was given to patients with advanced
gastric cancer. No serious toxicity was observed, and the
therapy was well tolerated; 18.2% patients developed grade
1 renal toxicity and nausea and 25% showed fatigue. A good
response to the combined treatment was observed [45].

It is too early to confirm that lipoplatin is effective in
mesothelioma. There is a case report indicating the respon-
siveness of mesothelioma to lipoplatin given in combination
with gemcitabine as second-line treatment on disease recur-
rence [46].

The testing of the toxicity and effectiveness of lipo-
somal cisplatin was done in patients with squamous cell
carcinoma of the head and neck. This was a randomized
study comparing lipoplatin combined with 5-fluorouracil
versus cisplatin combined with 5-fluorouracil. The toxicity
was well tolerated. Grade 3 renal toxicity was much lower
after lipoplatin administration than after cisplatin. Higher
myelotoxicity was observed in the cisplatin arm (31.7%
versus 12% in the lipoplatin arm). Mucositis and peripheral
neuropathy were also much higher in the cisplatin group.
The response rate was higher in the cisplatin arm, but
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Table 2: Toxicity: lipoplatin monotherapy.

Dosage lipoplatin
mg/m2 Toxicity

Grade

1 2 3 4

n n n n

150–250

Nausea-vomiting — — — —

Fatigue — — — —

Diarrhea — — — —

Nephrotoxicity — — — —

Neutropenia — — — —

Neurotoxicity — — — —

300

Nausea-vomiting 2/4 1/4 — —

Fatigue 2/4 1/4 — —

Neutropenia 1/4 — — —

Nephrotoxicity 1/4 — — —

350

Nausea-vomiting 1/4 3/4 — —

Fatigue 1/4 3/4 — —

Neutropenia 2/4 1/4 1/4 —

Nephrotoxicity 2/4 1/4 1/4 —

stable disease was higher in the lipoplatin arm. This low
responsiveness of the lipoplatin arm may be due to the
quite low dosage administered and its short duration. One
should take into account that the MTD is 200 mg/m2 and not
100 mg/m2 [47].

A Phase II trial combining lipoplatin with vinorelbine in
first-line treatment of HER2/neu-negative metastatic breast
cancer was done. The investigators administered the above
agents on the basis of the rationale that the frequent use
of anthracyclines and taxanes in the adjuvant setting of
breast cancer has led to drug resistance and cardiac toxicity.
This raised the need for new agents in the metastatic
setting. Another reason for testing the aforementioned com-
bination was that the use of cisplatin-vinorelbine showed
interesting results with an overall response rate of 64%.
The administered dose of lipoplatin was 120 mg/m2 and of
vinorelbine 30 mg/m2. The objective response rate of the
latter combination was 50% (one complete response). Stable
disease was 45.5%. Toxicity was well tolerated [48].

One Phase II and two Phase III trials have been recently
integrated and published. In these studies, lipoplatin was
combined with a second agent in comparison with cisplatin
also combined with the same second agent, and the objectives
were to determine the side effects and efficacy. In the Phase
II randomized study, lipoplatin (dosage 120 mg/m2 given on
days 1, 8, 15) combined with gemcitabine (1000 mg/m2 given
on days 1, 8) was compared with cisplatin (100 mg/m2 day
1) combined with gemcitabine (1000 mg/m2 given on days
1, 8). With respect to efficacy, the overall response rate of
the lipoplatin arm was 31.7%, and the cisplatin arm 25.6%.
Although the efficacy of lipoplatin was not statistically higher
than that of cisplatin, a better response rate was achieved
with lipoplatin, particularly in cases of adenocarcinoma. The
more important finding was the toxicity outcome which
was shown to be much lower in patients treated with

lipoplatin versus in patients treated with cisplatin. Very low
nephrotoxicity was observed in the patients who received
lipoplatin. Although the aforementioned study [49] included
a rather limited number of patients (88 in total), the results
were confirmed by another study which was done in parallel
to the above trial.

These results with respect to the study done in parallel,
mentioned above, are as follows: this Phase III trial included
229 evaluable patients. The differences between this study
and the previous one were, the number of patients, the
dosage of the drugs, the repetition of the courses, and
the second agent which was combined with lipoplatin and
cisplatin. The dose of lipoplatin was 200 mg/m2, which
is the proper MTD combined with paclitaxel 135 mg/m2

repeated every 2 weeks for a planned 9 courses. The
control arm received cisplatin 75 mg/m2 also combined with
paclitaxel 135 mg/m2, repeated every 2 weeks. The planned
number of courses was 9. The treatment of both agents
and arms was on day 1. The main objectives of this trial
were to determine the toxicity and median survival. The
results were quite impressive; nephrotoxicity, in particular,
leukopenia, nausea/vomiting, and asthenia were statistically
significantly lower after lipoplatin treatment (P ≤ 0.001,
0.017, 0.042, 0.019, resp.) (Table 3). The comparison of
efficacy was also important; the response rate was 59.7%
for the lipoplatin arm, and 47% for the cisplatin arm (no
statistically significant difference, P = 0.073) (Table 4). The
median and overall survival for both arms was the same [50].

The data documented in the last two trials indicate that
the cisplatin formulation (lipoplatin) could be considered
as the best substitute for cisplatin, at least in NSCLC, with
regard to efficacy and toxicity.

The next Phase III trial was based on certain indications
from the previous trials, and this was the possibility that
NSCLC subtypes may have a different response rate with the
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Table 3: Toxicity/statistical differences.

Toxicity grade 1–4
Arm A Arm B

n (%) n (%) P value∗

Anemia 50 (43.9) 62 (54.9) 0.112

Leucopenia (neutropenia) 38 (33.3) 52 (45.2) 0.017

Thrombocytopenia 2 (1.8) 3 (2.6) 1.000†

Nephrotoxicity (renal) 7 (6.1) 46 (40.0) <0.001

Neurotoxicity 52 (45.6) 63 (54.8) 0.145

GI toxic nausea/vomiting 37 (32.5) 52 (45.2) 0.042

GI diarrhea 2 (1.8) 3 (2.6) 1.000†

Asthenia 65 (57.0) 82 (71.3) 0.019

Alopecia 96 (84.2) 87 (75.7) 0.134

GI, gastrointestinal.
∗Pearson’s chi-square test.
†Fisher’s exact test.

Table 4: Response rate/survival time (months), Log-rank test P value: 0.577.

ARM

Response rate A B Total P value∗

CR

n 1 0 1 —

% within ARM 0.9 0.0 0.4 —

PR

n 67 54 121

% within ARM 58.8 47.0 52.8 0.073

SD

n 42 50 92

% within ARM 36.8 43.5 40.2 0.306

PD

n 4 11 15

% within ARM 3.5 9.6 6.6 0.064

Total n 114 115 229

Survival time n Median 95% CI

Arm A 114 9.0 6.2–11.8

Arm B 115 10.0 6.8–13.2

Total sample 229 10.0 8.3–11.7

CR: complete response; PR: partial response; SD: stable disease; PD: progressive disease.
∗Pearson’s chi-square test.

Table 5: Response rate.

Arm A Arm B
P value

(n = 103) (n = 99)

Partial response 61 (59.22%) 42 (42.42%) 0.036

Stable disease 35 (33.98%) 43 (43.43%) 0.220

Progressive disease 7 (6.80%) 14 (14.14%) 0.110

administration of lipoplatin or cisplatin. This study recruited
patients with nonsquamous cell lung cancer, mainly adeno-
carcinomas, and they were treated with lipoplatin combined
with paclitaxel versus cisplatin combined with paclitaxel. The
dosage and administration of these two combined treatments

was the same as in the previous study. It was found in 202
patients randomized into two groups, that the response rate
was superior in the lipoplatin group. The difference was
statistically significant (P = 0.036) (Table 5). The median
survival for the lipoplatin group was 10 months and for
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cisplatin group 8 months, approaching statistical significance
(P = 0.1551) [51].

There are data examining the possibility of using
lipoplatin in cancer patients with renal failure. The prelim-
inary data show that patients with serum creatinine ranging
from 1.6–3.5 mg/dL tolerate lipoplatin without increasing
renal failure and without side effects such as neutropenia,
nausea/vomiting, and fatigue.

8. Conclusion

The efforts over the last 20 years to produce a substitute for
cisplatin, a very important and effective anticancer agent,
with a similarly effective and less toxic agent, have not prop-
erly succeeded. The current data in a number of preclinical
and clinical trials shed new light on the previous efforts
to produce a substitute for cisplatin. Liposomal cisplatin
(lipoplatin), is a new formulation of cisplatin and one would
expect at least to achieve equal effectiveness. Phase I, II, and
III trials have shown lipoplatin to produce similar efficacy to
that of cisplatin in pancreatic, head and neck, breast cancers,
and NSCLC (the latter has been more broadly tested). In
a new substitute for cisplatin, what is more important,
apart from effectiveness, is significant toxicity reduction. The
reduction of toxicity, mainly nephrotoxicity, has been shown
and confirmed in published trials. It will be important to use
this new cisplatin formulation in future trials and to test it in
malignancies such as ovarian and bladder cancers.
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